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1  Thioughout  Phase  I!-C,  aa  In  earlier  phases  of 
the  SST  Program,  The  Boeing  Company  has 
maintained  a  program  of  design  analysis  and 
performance  evaluation,  with  the  coordinated 
participation  of  both  engine  contractors.  Thla 
management  apjiroach  was  maintained  tojensure 
that  cltl.  r  of  the  engine  offerings  can  W  In¬ 
stalled  on  the  B-2707  and  that  tho  Instilled  en¬ 
gine  performance  charactcrlstlcj^rfll  closely 
match  those  of  the  B-2707  to  nfoduca  near  opti¬ 
mum  airplane  performances^  As  a  result,  the 
General  Electric  GK1/J5P  powered  B-2707  (GE) 
ami  the  Pratt  and  Whitney  Aircraft  JTF17A-21B 
powered  B-2707  (PCWA)  airplanes  are  very 
competitive  In  terms  of  overall  airplane  per¬ 
formance  criteria,  and  elthe  r  would  moke  an 
outstanding  airline  airplane. 


Each  engine  has  certain 
certain  jlcyclu,.  meurflsi 


2 

ilnjutVunt 

risks. 


antages  and  each  has 


J The  purprt.o  of  this  document  Is  to  report  the 
technical  evaluation  of  the  two  engines.  Con¬ 
siderations  In  this  evaluation  .ncludc  engine/ 
olrplano  matching  and  performance,  engine 
design,  Installation  compatibility,  development 
plan,  development  risk,  and  growth  potential. 

A  brief  summary  of  tho  technical  evaluation  for\ 
each  of  tho  major  areas  follows.  ' 

1.1  ENGINE/AOTPLANE  MATCH  AND  PER- 
FORMANCE 

The  thrust  characteristics  of  tho  two  offered  en¬ 
gines  arc  such  that,  at  the  selected  airflow 
sizes,  both  arc  matched  at  near  optimum  rango- 
paylond  for  the  B-2707  airplane  at  675,000  lb 
takeoff  gross  weight.  However,  the  GK4/J5P 
tnrlwjc!  has  greater  transonic  thrust  capability 
than  the  JTF17A-21B  turbofon  and  therefore 
ntfords  flexibility  to  meet  sonic  boom  restric¬ 
tions. 

The  range-payload  performance  of  tho  B-2707 
(GF.)  and  B-2707  (P&WA)  arc  essentially  equal 
on  a  standard  and  hot  day  for  the  design  mission. 
For  missions  requiring  longer  subsonic  or 
sho.tcr  supersonic  range  Increments,  the  PiiWA 
tur!v>fan  engine  has  an  advantago. 
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Tho  differences  in  these  overall  performance  con¬ 
siderations  arc  small  and  final  installation  and 
performance  matching  of  either  engine  could 
offset  differences  described  here. 

The  estimated  engine  prices  and  development 
costs  ure  very  similar  and  the  direct  operating 
cost  values  calculated  by  ti.e  ATA  formula  are 
therefore  essentially  identlcol. 

Tho  GE4/J5P  turbojet,  at  620  SLS  airflow, 
has  better  community  noise  characteristics  than 
the  JTF17A-21B  at  687  pps,  during  takeoff  and 
approach.  Tho  airport  sideline  noise  levels  for 
the  two  engines  at  full  power  arc  essentially 
equal  at  117  PNdB  while  the  takeoff  community 
noise  at  three  miles,  after  power  cutback,  are 
06  PNdB  and  105  PNdB  for  the  GE  and  P&WA 
engines,  respectively.  landing  approach  noise 
ie  105  PNdB  and  J 15  PNdB  for  the  GE  and  P&YM 
engines,  respectively,  one  mile  from  the  runway 
threshold. 

1.2  GROWTH  POTENTIAL 
The  GE  engine  growth  after  5  years  of  com¬ 
mercial  service  will  Improve  the  cruise  SFC  by 
about  3  percent,  the  tukcoff  ‘Jirust  by  9  percent 
and  the  transonic  thrust  by  13  percent.  Supersonic 
cruise  airflow  will  increase  about  9  percent 
which  will  require  an  inlet  change  but  not  an  en¬ 
gine  frame  size  change.  AU  modifications 
suggested  appear  attainable.  Thrust  increases 
up  to  42  percent  arc  possible,  through  zero 
staging  the  compressor  and  increasing  the  engine 
frame  size, 

Tho  P&WA  engine  growth  after  five  years  of 
commercial  service  will  Improve  the  cruise  SFC 
by  about  4  percent  and  Improve  tho  takeoff  and 
transonic  thrust  by  12,5  percent.  However,  the 
compressor  Bnd  fan  modifications  and  other 
component  improvement  required  to  obtain  this 
growth  appear  more  difficult  to  attain.  The 
transonic  thrum  Increase  of  12.5  percent,  which 
is  available  by  Increasing  transonic  airflow 
through  reduced  solidity  of  compressor  blading, 
will  require  on  Inlet  size  increase.  This  thrust 
Incrcaso  requires  a  10  percent  Increase  In  air¬ 
flow  and  possibly  an  increase  In  the  prosent 
compressor  alze. 
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However,  a  further  design  refinement  of  the 
P4WA  engine  by  raising  the  bypasa  ratio  looks 
promising.  Dy  increasing  the  bypass  ratio  to 
1.8,  additional  takeoff  and  transonic  thrust  in¬ 
creases  as  high  as  X2. 3  percent  are  possible 
witljCu  i  adding  a  turbine  stage,  making  a  total  at 
25  percent  when  combined  with  the  previous  Im¬ 
provements.  Matched  cruise  SFC  would  be  Im¬ 
proved  by  6  percent  relative  to  Initial  produc¬ 
tion.  Further  thrust  growth  through  Increased 
bypass  ratio  is  possible  by  adding  a  turbine 
stage. 

It  would  appear  that  the  thrust  growth  potential 
of  the  GE4/J5P  Is  achievable  with  less  engine 
redesign,  whereas  the  P&WA  JTF17A-21B  with  an 
Increased  bypass  ratio  could  provide  a  better 
SFC  growth.  The  engine  weight  changes  occur¬ 
ring  due  to  engine  growth  wore  not  considered. 

1 . 3  INLET/ENGINE  COM  PATEBILITY 
Complete  Inlct/cngine  compatibility  can  be  de¬ 
veloped  for  the  B-2707  airplane  using  either  the 
GE  1/J5P  or  the  P&WA  JTF17A-21B  engines. 

The  inlet  incorporates  features  which  provide 
wide  stability  margins  for  engine-generated 
disturbances,  low  circumferent’il  distortion, 
and  tho  means  to  adjust  the  moderate  radial  dis¬ 
tortion  to  favor  tho  particular  engino  selected. 

From  tho  standpoints  of  engine  airflow  stability, 
tolerance  to  distortion  and  dynamic  Interactions, 
the  compatibility  development  would  be  tho  least 
difficult  w'lth  the  GE4/J5P  engine.  This  Is  due 
to  the  basic  cycle,  dcBign,  and  control  concepts 
involved.  From  the  standpoint  of  airflow  match¬ 
ing,  the  P&WA  JTF17A-213  has  the  advantage 
of  lower  subsonic  inlet  drag  and  a  smaller  hypass 
area  requirement. 

1.4  DEVELOPMENT  RISK 

The  evaluation  of  the  development  risk  of  engine 
components  has  taken  Into  account  the  perform¬ 
ance,  life,  weight,  and  complexity.  Judgment 
factors,  which  have  been  used,  include  design 
g'ala,  demonstrated  performance,  past  experi¬ 
ence,  technical  capability,  and  tho  design 
approach. 

In  some  instances,  component  design  and  domon- 
st.ated  performance  havo  shown  that  tho  com¬ 
ponent  probably  docs  not  Involve  a  major  risk. 

For  other  components,  on  attempt  has  been  made 
to  categorize  tho  degreo  of  risk. 


The  major  development  risk  categories  have  been 
classified  by  their  SST  Implications  as  follows: 

•  Category  1:  Increased  development  program 
coat 

Reduced  parte  life 
More  complexity 
Minor  program  delays 

e  Category  2:  Payload-range  decrement 
Increased  DOC 
Increased  program  delays 

e  Category  3:  Major  program  delay 

Major  program  redirection 

The  risk  evaluation  results  are  listed  in  Table 
1-A. 


Table  1-A.  Development  .\lek  Summary 


Item 

GE 

PfcWA 

Fen 

• 

1 

Compressor 

1 

1 

Fan  +  compressor 

- 

2 

Main  burner 

- 

• 

Turbine  performance 

- 

2 

Turbine  life 

1 

1 

Augmentor 

2 

2 

Nozzle  performance 

2 

2 

Thrust  reverser 

1 

2 

Weight 

2 

2 

Controls  and  dynamics 

1 

3 

The  GE  engine  is  a  conventional  afterburning 
turbojet  engine  which  has  as  Its  technological 
base  the  GE  J93  engine.  The  major  development 
riek  with  the  General  Electric  engine  is  tho  aug¬ 
mentation  system,  in  particular  the  life  of  the 
hlgh-tcmperature  parts. 

The  P&WA  duct  burning  turbofan  Is  a  new  de¬ 
velopment  In  supersonic  engines  which  entails 
development  risks  in  several  areas  particularly 
the  control  system  and  associated  cnglno  dy¬ 
namics. 

Based  on  tho  Information  available  at  this  time, 
the  Boeing  evaluation  of  these  engines  indicates 
that  the  risk  in  developing  the  GE4/J5P  engine  is 
lowor  than  the  risk  with  tho  JTF17A-21B  engine. 
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1.5  INSTALLATION  DIFFERENCES 
The  GE  pod  Is  440  In.  long,  89  In.  maximum 
diameter,  and  weighs  14,312  lb.  The  PtWA 
pod  Is  345  In.  long,  88  In.  In  diameter  snd 
weighs  13, 805  lb. 

One  of  the  Installation  differences  between  the 
PtWA  and  GE  engines  Is  the  reverse  thrust 
available.  The  GE  engine  provides  50  percent 
of  the  maximum  dry  thrust  or  23, 500  lb  In  re¬ 
verse  as  opposed  to  the  P&WA  40  percent  of 
maximum  dry  thrust  or  14,080  lb.  Under  emer¬ 
gency  conditions  (ley  runway)  the  stopping  dis¬ 
tance  will  l>o  approximately  800  ft  shorter  for 
the  GE-powered  airplane. 

Because  of  the  higher  moment  of  inertia  of  the 
GE  rotor,  the  mount  loads  due  to  engine  seizure 
arc  considerably  greater  on  the  GE  engine. 

The  larger  compressor  blades  of  the  GE  engine 
provide  a  greater  capacity  to  Ingest  lee,  birds, 
etc.  without  damage. 

The  windmilling  horsepower  and  rpm  available 
from  the  P&WA  turbofan  are  adequate  to  provide 
emergency  power  in  ease  of  fan  engine  failure. 
The  GE  turbojet  does  not  provide  adequate  wind- 
milling  power  and  for  the  B-2707  (GE)  a  ram  air 
turbine  is  provided. 

The  location  of  the  rotating  components  of  the  GE 
engine  is  farther  forward  than  with  the  P&WA 
engine.  This  restricts  the  location  of  fuel  in  the 
horizontal  tail  In  a  region  above  the  compressor, 
thus  decreasing  the  airplane  fuel  capacity  by 
5,628  1b. 

The  thermal  environment  of  the  nacelle  In  the 
compressor  region  during  cruise  is  930*F  for  the 
GE  engine  and  GSO’F  for  the  P&WA  engine.  The 
engine  accessories  for  the  GE  engine  are  mounted 
in  on  accessory  capsule  which  Isolates  the  ac- 
ccsorics  from  the  high  nacelle  temperatures. 

With  the  P&WA  engine,  the  accessories  ore 
mounted  hi  an  exposed  arrangement  around  the 
engine.  Little  difference  exists  In  the  maintain¬ 
ability  of  the  two  arrangements. 


The  GE  engine  is  more  accessible  for  Inspection 
and  maintenance  of  the  interior  of  the  engine  than 
the  P&WA  lurbofan. 

1.6  MAINTENANCE,  RE  LIABILITY,  AND 
SAFETY 

From  «  maintainability  standpoint,  the  GE4/J5P 
engine  Is  better  thin  the  P&WA  JTF17A-21B  en¬ 
gine.  The  maintenance  frequencies  do  not  ap¬ 
pear  to  be  drastically  different.  The  on-airplane 
maintenance  effort  should  be  ataut  equal  except 
for  internal  Inspections  and  onboard  capability 
where  the  GE4/J5P  !u»a  better  provisions  for 
internal  inspection.  The  major  difference  be¬ 
tween  tha  engine^  *s  seen  in  the  off-airplane 
repair  and  overhaul.  The  GE4/J5P, because  of 
its  modular  construction,  should  have  a  lower 
elapsed  time  and  cost  for  repair  and  overhaul. 

The  reliability  evaluation  considered  basic  en¬ 
gine  design  reliability,  goals  and  apportion¬ 
ments,  component  life  goals  considering  the 
severity  of  operating  conditions,  and  the  esti¬ 
mated  effectiveness  of  the  two  manufacturers' 
reliability  programs.  In  all  but  the  last  category 
P&WA  appears  to  be  slightly  better  than  GE,  and 
with  regard  to  reliability  programs  they  are 
essentially  equal. 

In  the  area  of  safety,  the  PWA  engine  offers  some 
installation  advantages. 


1.7  DEVELOPMENT  PLAN,  SCHEDULES  AND 
FACILITIES 

The  development  program  proposed  by  the  two 
engine  companies  is  considered  adequate  in  both 
tho  component  and  engine  development  testing. 
Endurance  testing  is  emphasized.  Pritt  and 
Whitr.cy  Aircraft  and  GE  have  provided  adequate 
engine  teBt  facilities  to  accomplish  t'nclr  pro¬ 
grams.  Both  companies  plan  to  conduct  the 
inlct/enginc  compatibility  tcst:ng  nt  AEDC,  but 
P&WA  plans  to  perform  the  performance  demon¬ 
strations  in  their  own  f  cility  while  GE  will  use 
AKDC  facilities  for  this  purpose.  Both  engine 
companies  can  meet  Boeing  prototype  nnd  pro¬ 
duction  engine  delivery  requirements. 
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2.0  ENC1NE  DESCRIPTION 


2. 1  ENGINE  AND  COMPONENT  DESCRIPTION 
The  Information  snd  description  presented  In 
this  document  represent  information  available 
to  Boeing  as  of  August  8,  1966.  This  includes 
information  obtained  during  a  visit  to  the  two  en¬ 
gine  manufacturers  in  mid-July  19G6,  and  also 
data  from  preliminary  drafts  of  parts  of  the  en¬ 
gine  manufacturers'  proposal  documents.  It 
should  be  noted  that  some  diit'crcneca  were  found 
between  the  early  data  obtained  in  July  19G8,  and 
that  information  obtained  in  the  draft  proposal*. 

2.2  GENERAL  ELECTRIC  ENGINE  GE4/J5F 
The  General  Electric  engine  is  a  6ingle  spool, 
620  lb/scc  sea  level  static  airflow  turbojet  en¬ 
gine  with  afterburning  thrust  augmentation.  The 
design  pressure  ratio  is  12.3,  with  takeoff  and 
climb  turbine  Inlet  temperature  of  2,250*F  and 
cruise  turbine  Inlet  temperature  of  2, 200*F. 

2.2.1  Compressor 

The  compressor  Is  a  low  aspect  ratio,  nine 
stage,  axial  flow  design.  The  inlet  guide  vanes 
(IGV)  and  first  ctator  row  are  variable  for  en¬ 
gine  starting  and  low  speed  acceleration,  while 
the  laBt  sLx  etator  rows  are  variable  for  in¬ 
creased  surge  margin  in  cruise,  and  engine- 
inlet  flow  matching  purposes.  The  last  stator 
can  be  actuated  as  a  windmill  brake  in  the  event 
of  in-flight  engine  shutdown.  Inlet  flow  distor¬ 
tion  effects  arc  stated  to  be  minimized  by  re¬ 
duced  loading  of  the  front  stages,  low  aspect 
ratio  blades,  and  die  use  of  a  variable  exhaust 
nozzle  under  all  operating  conditions.  Hollow 
compressor  blades  are  used  to  reduce  com- 
pressoi  weight.  Rotor  blades  can  be  replaced 
in  moment-weighted  pairs  without  rotor  disas¬ 
sembly  or  rebalancing,  while  stator  vanes  are 
individually  replaceable. 

2.2.2  Main  Burner 

The  annular  combustor  is  similar  to  past  GE 
burner  designs.  Fuel  is  provided  for  tho  com- 
liustlon  process  by  42  variable  area  dual  orifice 
fuel  nozzles.  Tho  liner  wall  Is  film  cooled. 

2.2.3  Turbine  "'** 

The  GH4/Jr.l»  has  a  2-stago,  axial  flow,  air¬ 
cooled  turbine,  designed  »or  operation  at  a  high 


gas  temperature  for  extremely  long  duration. 
Cooling  air  from  the  compressor,  Including  com¬ 
pressor  discharge  air  flowing  around  the  com¬ 
bustor  and  sixth  stage  bleed  air  through  the  rotor 
shaft,  provides  film  and  convection  cooling  for 
turbine  vanes,  blades,  disks,  and  second  stage 
shroud.  Turbine  vanes  are  individually  replace¬ 
able  and  blades  are  replaceable  in  moment- 
weighted  pairs. 

2.2.4  Augmentor 

The  thrust  augmentor  for  the  General  Electric 
engine  is  a  fully  modulating  afterburner  having 
two  stages  of  fuel  injection  and  incorporating 
four  gutter  flame  holders.  Spark  ignition  is  pro¬ 
vided  only  during  the  initiation  of  afterburner 
operation.  The  afterburner  liner  is  film  cooled 
by  turbine  discharge  gaa. 

2.2.5  Exhaust  Nozzle 

Tho  exhaust  nozzle  is  a  two  stage,  blow-in  door 
ejector  design  with  an  actuated  primary  or  con¬ 
vergent  section  for  variable  throat  area,  and  an 
acrodynamically  positioned  secondary  or  diver¬ 
gent  section  for  variable  exit  area.  Nozzle 
cooling  is  provided  by  compressor  bleed  air, 
inlet  secondary  air,  and  turbine  exit  air. 

2.2.6  Thrust  Revcrser 

This  unit  reverses  thrust  by  moving  the  primary 
or  convergent  part  of  the  exhaust  nozzle  aft  and 
Inward,  thereby  blocking  the  rearward  Cow  at 
exhaust  gas,  causing  the  gas  to  escape  in  the 
forward  direction  through  revcrser  cascade 
openings  in  the  tailpipe  wall.  This  action  pro¬ 
vides  00  percent  of  maximum  dry  thrust  as  re¬ 
verse  thrust. 

2.2.7  Bearings  and  Scale 

The  bearing  arrangement  for  this  single  spool 
engine  consists  of  a  6inglc  ball  type  main  thruat 
bearing  mounted  on  the  mid-frame  and  inter¬ 
changeable  roller  bearings  on  the  front  and  rear 
frames.  Seals  arc  pressurized,  floating  face, 
carbon  type  with  windbnek  ’ibvrinth  seals  aa 
backup. 

2.2.8  Control  System 

Tho  engine  is  controlled  by  positioning  a  single 
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power  lever  for  reverse.  Idle,  maximum  dry, 
maximum  augments  cion,  and  all  Intermediate 
conditions.  The  control  system  also  positions 
the  compressor  variable  stators,  the  variable 
exhaust  nozzle,  and  the  thrust  rcverser. 

2. *.9  Materials 

The  materials  selected  for  this  engine  Include 
some  which  have  been  used  extensively  in  sub¬ 
sonic  engines,  and  also  a  high  percentage  of 
age-hardened  nickel  and  iron  based  alloys,  and 
titanium  alloys  which  have  not  been  used  exten¬ 
sively  in  past  engines.  Tho  forward  part  of  the 
compressor  uses  titanium  alloys,  while  the  high 
temperature  rear  half  uses  nickel-based  alloys 
as  docs  the  hot  turbine  section.  The  basic 
structure  of  the  engine  Is  of  nickel  or  Iron-based 
sheet  metal  components,  with  tho  exception  of 
the  compressor  front  frame  and  support  vanes, 
which  are  of  titanium  alloy.  Highly  stressed 
parts  arc  of  Inconel  718,  Rene  41  and  Reno  62-, 
while  lower  stressed  parts  such  as  the  com¬ 
bustor  aro  of  Kastelloy-X  or  modifications 
thereof. 

2.3  PRATT  AND  WHITNEY  AIRCRAFT 
ENGINE  JTF17A-21B 
The  Pratt  &  Whitney  engine  Is  a  dual  spool 
turbofan  engine  of  C87  lb/scc  sea  level  static 
airflow,  with  fan  duct  burning  for  thrust  aug¬ 
mentation.  The  aca  level  static  (SLS)  bypass 
ratio  Is  1,91,  Takeoff  and  climb  turbine  entry 
temperature  is  2300T  while  cruise  temperature 
is  2200*F.  Overall  cnglno  pressure  ratio  is 
13.0,  with  s  duct  fan  pressure  ratio  of  2.98 
when  operating  at  SLS  conditions, 

2. 3. 1  Fan  and  Compressor 
The  fan  Is  a  two  stage  transonic  design.  Two 
vibration  dampers  are  used  on  each  fan  rotor. 
Exit  flow  from  the  fan  is  divided  Into  secondary 
or  duct  flow,  and  primary  P.ow,  between  the 
second  rotor  and  second  stator.  Inlet  guide 
vanes  (IGV)  arc  not  used  in  l.ont  of  tho  fan,  but 
a  three-position  IGV  is  located  in  front  of  the 
high  pressure  rotor.  This  variable  IGV  serves 
as  the  windmill  brake  for  the  engine  during  in¬ 
flight  engine  shutdown. 

Tho  high  pressure  compressor,  driven  through 
s  concentric  outer  3haft,  is  a  six  stage  axial 
compressor  having  n  SLS  design  pressure  ratio 
of  4. 84.  The  high  pressure  compressor  is  of 
short  chord  design  in  the  forward  Btagcs. 


2.3.2  Main  Burner 

The  annular  combustor,  termed  a  ram  Induction 
burner,  features  a  low  level  of  diffusion  of  com¬ 
pressor  discharge  gas,  and  a  corresponding 
short  length.  Liner  cooling  Is  accomplished  by 
high  velocity  convective  flow  over  the  outer  sur¬ 
face  of  the  burner  liner.  Ignition  la  provided  fay 
dual  igniters,  while  fuel  Injection  la  accom¬ 
plished  through  24  dual  orifice,  variable  sec¬ 
ondary  area  nozzles. 

2.3.3  Turbine 

The  turbine  section  consists  of  s  single-stage 
high  pressure  turbine  driving  the  high  pressure 
compressor,  and  a  two-stage  low  pressure  tur¬ 
bine  driving  the  fan.  Cooling  of  all  three  vane 
rows,  and  the  first  two  blade  rows  is  accom¬ 
plished  by  compressor  discharge  air  employing 
convection  methods,  including  impingement  cool¬ 
ing  of  leading  edges.  Material  seiectea  for  the 
turbine  includes  PWA  658  for  all  blades,  and  the 
laBt  two  vane  rows,  and  TD  nickel  for  the  first 
vane.  Vanes  ere  individually  replaceable  end 
blades  are  replaceable  in  momcui-weighted  pairs. 

2.3.4  Augmentor 

The  augmentor,  which  Is  the  first  fan  duct  heater 
to  be  applied  to  any  aircraft,  is  a  unique  com¬ 
ponent  In  this  engine.  Major  fcnturcs  Include  s 
relatively  low  level  of  diffusion  between  the  fan 
and  the  ram  Induction  augmentor.  Two  zones  of 
fuel  injection  are  provided;  the  fir6t  is  a  ram 
induction  burner  with  tho  same  nozzles  as  the 
main  burner,  and  a  second  zone,  downstream  of 
tho  first,  provides  fuel  Injection  and  mixing  Into 
the  upstream  flame  zone.  Spark  ignition  Is  pro¬ 
vided  for  the  forward  zone  of  combustion,  while 
tho  second  zone  is  autoignited  from  the  upstream 
zone.  Tho  liner  walls  arc  film  cooled. 

2.3.5  Exhaust  Nozzle 

The  exhaust  nozzle  is  a  convergent-divergent 
blow-  in  door  ejcctor-reverscr  combination.  The 
convergent  nozzle  of  the  primary  or  core  engine 
is  of  fixed  area.  The  fan  duct  convergent  nozzle 
is  of  variable  area.  Secondary  air  from  the  In¬ 
let  is  used  to  convcctivcly  cool  tho  duct  conver¬ 
gent  nozzle  and  ejector.  Tertiary  air  is  auto¬ 
matically  provided  through  a  pressure  balanced 
blow-in  door  system  for  nozzle  performance  at 
transonic  and  subsonic  speeds.  The  rcverser 
clamshells  have  two  non-reverse  positions,  fixed 
by  tho  tertiary  door  locuilon.  For  flight  speeds 
above  Mach  1.2,  tho  clninshclls  form  port  of  the 
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divergent  flow  path  for  both  primary  and  duct 
flow  streams.  At  Mach  numbers  less  than  1.2, 
the  clamshells  move  to  a  slightly  convergent 
position,  admitting  tlie  tertiary  air  to  the  nozzle 
section.  The  nozzle  exit  flops  arc  pressure  lo¬ 
cated  and  act  as  a  convergent  or  divergent  part 
of  the  nozzle  for  both  dreams,  depending  upon 
the  nozzle  pressure  ratio. 

2. 3.  Thrust  Reverser 

Reverse  thrust  Is  obtained  by  rotating  the  clam¬ 
shell  doors,  which  are  Integral  parts  of  the 
exhaust  nozzle  system,  to  the  closed  position. 
This  location  of  the  clamshells  partially  blocks 
the  rearward  escape  of  the  exhaust  gases  and 
deflects  the  gas  to  a  forward  direction  through 
the  tertiary  door  openings  or  "blow-in-doors"  In 
the  nozzle  outer  shell.  The  failsafe  position  of 
the  reverser  clamshells  is  In  the  open  or  for¬ 
ward  thrust  position.  The  reverse  thrust  goal 
is  -10  percent  of  maximum  dry  forward  thrust. 

2.3.7  Hearings  and  Seals 
The  two  spools  of  this  engine  are  designed  with 
four  bearings.  This  concept  is  a  departure  from 
existing  two  spool  engines  In  service  today.  The 
No.  1  bearing,  the  thrust  bearing  for  the  low 
pressure  or  fan  spool.  Is  a  ball  bearing  mounted 
near  the  second  fan  rotor.  The  No.  4  bearing. 


also  on  the  low  pressure  shaft,  is  a  roller  type, 
moulded  at  the  last  stage  of  the  low  pressure 
turbine.  The  high  pressure  rotor  bearings  are 
No.  2,  the  thrust  bearing  located  at  the  high 
pressure  compressor  IGV,  and  No.  3,  again  a 
]  oiler  bearing,  forward  of  the  high  pressure 
.urblne.  Seals  arc  hydrostatic  with  tandem  pres¬ 
surized  and  vented  labyrinth  seals  as  backup. 

Fan  discharge  air  is  used  to  pressurize  the 
labyrinth  seal  compartment,  which  is  then  vented 
to  ambient. 

2.3.8  Controls 

The  engine  Is  controlled  by  positioning  a  single 
power  lever  for  reverse.  Idle,  maximum  dry, 
maximum  augmentation,  and  all  Intermediate 
conditions.  The  control  system  also  positions 
the  compressor  variable  IGV,  the  variable  duct 
exhaust  nozzle  and  the  thrust  reverser. 

2.3.9  Materials 

A  more  extensive  selection  of  age  hardened  iron, 
nickel  based  alloys,  and  titanium  alloys  has  been 
made  for  this  engine  than  In  past  engines.  The 
fan  section  Is  of  titanium  alloy  forgings  while  the 
high  temperature  compressor  section  Is  of 
titanium,  and  Iron  and  nickel  based  alloys. 
HaBtclloy-X  la  used  In  both  the  main  and  duct 
burners. 
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3.0  PERFORMANCE,  NOISE,  AND  ECONOMICS 


The  maximum  range  /payload  objective  for  the 
B-2707  la  obtained  with  both  GE  and  P&WA  en¬ 
gines  at  the  selected  sizes  with  acceptable  take¬ 
off  field  length,  airport  ond  community  noise 
levels,  and  transonic  thrust  margin.  However, 
the  degree  of  acceptability  varies  with  the  engine 
choice. 

The  GE-1/J0P  turbojet  can  meet  the  B-2707  take¬ 
off  requirements,  and  provides  acceptable 
transonic  performance  and  has  an  additional 
takeoff  thrust  capacity  for  payload  growth. 

The  JTF17A-21B  turbofan  has  less  than  desired 
transonic  thrust  margin  needed  for  operating 
flexibility  and  contingencies. 

The  Boeing  estimated  noise  levels,  based  on 
engine  manufacturers’  and  Boeing  test  data.  In¬ 
dicate  j  that  either  engine  will  meet  FAA  takeoff 
airport  and  community  noise  objectives  although 
the  GE  engine  has  somewhat  more  flexibility  to 
trade  off  airport  and  community  noise  by  adjust¬ 
ing  airplane  takeoff  procedures.  The  landing 
noise  levels  will  be  lower  than  the  FAA  objective 
In  the  case  of  the  GE  engine,  and  higher  In  the 
case  of  P&WA. 

Tho  P&WA  engine  provides  better  all  subsonic 
range.  The  single  engine  out  range  Is  about  the 
same  for  either  engine,  and  both  engines  enable 
reaching  a  destination  on  the  most  critical  legs. 

Engine  price,  development  costs,  Including  the 
dependent  maintenance.  Insurance  and  deprecia¬ 
tion  cost  factors,  and  trip  fuel  arc  approxi¬ 
mately  tho  same  for  both  engines  and  conse¬ 
quently  the  direct  operating  cost  for  both  engines 
should  he  essentially  equal. 

3. 1  ENGINE  SIZE 

The  engine  size  selection  for  tho  GE  and  P&WA 
engines  wua  based  on  ochlovlng  maximum  range/ 


payload  while  providing  satisfactory  airport  and 
community  noise  levels  and  meeting  the  takeoff 
field  length  and  transonic  thrust  requirements  cm 
standard  and  hot  day*. 

Engine  sire  effects  on  ror^e  and  transonic  thrust 
margin  are  shown  on  Fig.  3-1.  Both  engines 
gi .  a  peak  range  for  airplane  gross  weight  of 
075,000  lb  at  APmaX  =  2.5  psf.  The  GE  en¬ 
gine  at  G20  lb/sec  has  adequate  thrust  margin, 
’ike  transonic  thrust  margin  at  APmaX"2*^  psf 
for  the  desired  i'&WA  Is  marginal  (0.23  versus 
0.3  desired  on  standard  day).  The  .3  transonic 
thrust  margin  is  considered  tho  minimum  de¬ 
sired  to  allow  for  contingencies  that  can  arise 
during  airplane  acceleration,  such  as  nonoptimum 
climb  path,  nonstandard  day,  and  unanticipated 
drag  Increase,  or  thrust  deficiency. 

At  the  primary  and  duct  burner  temperature 
levels,  increased  maximum  transonic  thrust 
capability  in  the  JTF17A-21B  cycle  cannot  be 
achieved  without  advancing  the  state  of  the  art  la 
turbine  inlet  and  duct  heater  temperatures.  In¬ 
creased  transonic  thrust  by  increased  airflow  Is 
difficult  to  attain,  due  to  mismatch  of  transonic 
and  supersonic  cruise  airflow  for  a  fixed  primary 
nozzle  design.  Use  of  a  variable  primary  nozzle 
for  higher  transonic  airflow  capacity,  and  after¬ 
burning  in  the  primary  stream  have  been  con¬ 
sidered,  but  have  not  provided  a  significant 
thrust  increase  considering  the  Increased  weight 
and  complexity  of  cooling  and  control  of  the 
prlmo  ry  nozzle.  Increased  transonic  thrust 
margin  appears  available  only  by  Increased 
transonic  airflow  by  means  of  engine  scaling  or 
higher  bypass  ratio. 

3.2  RANGE  AND  PAYLOAD 
The  range  and  payload  capability  of  the  two  en¬ 
gines  for  standard  and  hot  days  is  shown  on  Fig, 
3-2  (International)  and  Fig.  3-3  (domestic). 

The  performance  of  the  two  engines  is  almost 
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identical  for  standard  and  hot  days  with  both 
airplanes. 

The  engine  supersonic  and  subsonic  cruise  per¬ 
formance  and  mulch  points  arc  shown  on  Fig. 

3— I.  The  engine  climb  performance  comparison 
ia  shown  on  Fig.  3-5.  The  turbojet  has  lower 
aupcraonic  cruise  and  climb  Specific  Fuel  Con¬ 
sumptions  (SFC),  but  higher  subsonic  SFC's. 

The  net  result  is  that  tho  range  and  payload  per¬ 
formance  Is  tho  same  for  either  cnglno  for  the 
basic  mission. 

The  effect  of  Increasing  the  subsonic  leg  nt  the 
beginning  or  end  of  the  mission  is  shown  on  Fig. 
3-6.  The  P&WA  turbofan  lias  GG4  nautical  miles 
greater  range  for  an  all  subsonic  mission. 

3. 3  FUEL  CONSUMPTION  AND  DISTANCE 
The  fuel  consumed  and  distance  covered  for  the 
B-2707  (GE)  and  B-2707  (P&WA)  for  standard 
day  ore  listed  in  Table  3- A. 

Due  to  the  relative  SFC  differences  between  the 
turl>oJel  and  turbofan  cycles  at  tho  required 
thrust,  the  B-2707  (GE)  requires  more  reserve 
fuel  weight,  while  the  B-2707  (P&WA)  consumes 
more  fuel  during  climb  and  acceleration.  Trip 
fuel  which  is  on  Important  factor  in  direct 


operating  costs  is  approximately  the  same  for 
either  engine. 

3.4  ENC1INK-OUT  PERFORMANCE 

The  effect  of  one  and  two  engine- out  on  alrplan* 
range  and  reserve  fuel  consumed  Is  shown  ia 
Fig.  3-7. 

The  B-2707  with  either  engine  can  achieve 
3, 470-nml  range  with  one  engine  out  at  mid¬ 
range  point.  Both  engines  require  off-loaded 
payload  to  achieve  3, 470  nml  with  two  engines 
out. 

The  effect  of  one  augmentor  inoperative  for  the 
B-2707  (GE)  und  B-2707  (P&WA)  Is  shown  in 
Fig.  3-8  for  a  standard  day.  A  greater  amount 
of  reserve  fuel  is  consumed  by  the  turbo.'an 
since  the  three  remaining  engines  must  make  up 
ft  greater  amount  of  thrust. 

3.5  AIUPOItT  AND  COMMUNITY  NOISE 

The  noise  produced  by  the  engines  on  the  inter¬ 
national  and  domestic  versions  are  shown  on 
Figs.  3-9  and  3-10,  and  are  based  on  engine 
manufacturers  quoted  suppression  and  Boeing 
estimates  for  choked  inlet  noise  suppression. 
Table  3-B  summarizes  the  noise  suppression 
values  used  during  takeoff  P.nd  landing  calcu¬ 
lations. 


Tublo  3-A.  Model  B-2707  Fuel  Consumption  and  Distance  —  Standard  Day 


Item 

B-2707  ME) 

B-2707  (P&WA)  1 

Fuel  (lb) 

Distance  (nml) 

Fuel  (lb) 

Distance  (nmi) 

Takeoff 

8,210 

7,265 

Climb 

90, 190 

342 

103,440 

432 

Mach  2.7  Cruise 

186,791 

3271 

1*1,626 

3180 

Descent 

5,270 

206 

4,304 

196 

Reserves 

47,039 

42,605 

Trip  Fuel 

290,461 

29C, 635 

Table  3-B  Model  B-2707  Total  Noise  Suppression 


B-2707  (GE) 

B-2707  (P&WA) 

Takeoff  Max  Augmented,  PNdB 

4 

4 

Cutlmck  at  18,000  (Its  thrust,  PNdB 

7 

9 

Approach  nt  l-l.noo  lbs  thrust,  PNdB 

20 

10 
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LATERAL  DISTANCE.  V  FT  ALTITUDE.  1  000  FT 


Takeoff  noise  contour®  la  Pig*.  3-9  and  3- 10  are 
baaed  oo  the  uae  of  maximum  augmentation  with 
gradual  thrust  cutback  over  the  community  bear 
the  three  mile  point  to  achieve  aa  unaccelerated 
800  ft/mla  rate  of  climb. 

The  curve  shows  the  PNdB  nolee  contour*  at 
ground  level  and  the  flight  path  of  the  airplane. 
The  higher  takeoff  thrust  at  maximum  augmenta¬ 
tion  for  the  GE4/J5P  engine  result*  in  a  higher 
altitude  over  the  community  at  the  three  mile 
point  and  nina  PNdB  lower  community  noise  after 
cutback  than  with  the  P&WA  engine.  Takeoff*  at 
leas  than  maximum  augmentation  will  result  la 
lower  nolso  levels  In  tho  vicinity  of  the  airport 
with  some  increase  in  community  noise  level*. 
The  trades  between  community  noise,  airport 
noise,  and  takeoff  field  length  for  reduced  power 
Bettings  are  shown  on  Fig.  3-11  for  both  engine*. 
As  shown  on  the  curves,  the  B-2707  (GE)  at 
reduced  augmented  power  can  meet  the  FAA 
noise  objectives.  The  B-2707  (P&WA)  cannot 
achieve  both  FAA  objectives  simultaneously. 

Approach  noise  contours  for  the  two  engines  are 
shown  on  Fig.  3-12.  Tho  B-2707  (GE)  value  1* 
105  PNdB  which  meets  tho  FAA  objective  of  109 
PNdB.  Tho  B-2707  (P&WA)  approach  noise  t 
115  PNdB. 


Effective  Jet  no!  >  suppression  for  high  takeoff 
thrust  levels  and  open  nozzle  control  which 
reduces  jet  noise  during  cutback  ,|Ui  approach 
power  in  combination  with  inlet  choking  for 
compressor  noise  suppression  enable  the  B-2707 
(GE)  to  meet  the  airport  and  community  note* 
objectives.  The  same  techniques  have  been 
applied  to  the  turbofan.  However,  Jet  suppres¬ 
sion  is  less  effective  for  the  high  velocity 
primary  stream  and  with  present  knowledge  fa* 
duct  treatment  cannot  remove  all  of  the  fan 
noise  exiting  from  the  secorviary  nozzle. 


3. 8  ECONOMIC  CONSIDERATION* 

3.6.1  Engine  Price 

The  estimated  production  engine  prices  for  die 
proposed  engines  are  aa  follows: 

GE4/J5P  $1,178,000 

JTF17A-21B  $1,210,000 

The  engine  manufacturer  estimated  development 
costs  for  each  engine  are: 

General  Electric  *607  million 

Pratt  &  Whitney  $€63  million 


AIRPORT  NOISE  ~PWI 
0 
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3. 8. 2  Direct  Operating  Cost 
Direct  Operating  Cost  (JOC)  comparisons  for 
the  Boeing  B-2707  International  Airplane  with 
with  the  proposed  engines  Is  shown  on  Tig.  3- IS. 
The  DOC's  for  the  two  engines  are  essentially 
equal  at  design  range. 

Direct  OpcratlngCosts  were*  determined  using  the 
Modified  19G0  Air  Transpe  t  Association  method 
as  specified  in  the  SST  Economic  Model  Ground 
Rules  dated  June  30,  19GG  nnd  are  based  on  3,  000 
hours  annual  utilization,  15>year  depreciation 
period,  3,  ooo  hours  engine  time  between  over¬ 
hauls,  50  percent  engine  spares,  12  cents  per 
gallon  fuel  price  and  an  engine  spare  parts  factor 
ofl. 3. 


Table  3-C  lists  a  breakdown  of  the  major  factors 
which  contribute  to  total  DOC  on  the  basis  of  cost 
per  block  hours. 

The  maintenance  costs  of  the  PfcWA  powered 
airplane  are  higher  since  in  the  ATA  formula 
engine  maintenance  costs  are  computed  as  a 
percentage  of  engine  price.  The  higher  engine 
price  and  engine  development  cost  amortization 
of  the  P&WA  engine  also  results  In  higher 
Insurance  and  depreciation  changes  for  the  air¬ 
plane. 


Table  3-C.  Analysis  oi  Direct  Operating  Cost  Components 


GE4/J5P 

JTF17A-21B 

1  Unit  engine  price 

$1,175,000 

$1,210,000 

Total  DOC  (to 

$/BIock  -hr 

3b20 

3470 

nearest  dollar) 

Sub-Totals 

$/Block  -hr 

1385 

1325 

fuel  &  oil  at 

2000  Slat.  ml. 

Maintenance 

$/Block  -hr 

6G3 

6G5 

Insurance 

3/niock  -hr 

353 

357 

Depreciation 

v/BJoc'*  -hr 

919 

929 

Crow 

v/B!rck  -hr 

200 

200 
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4.0  ENGINE  GROWTH 


Engine  growth  can  come  either  in  the  form  ul 
thrust  or  SFC  improvements  in  any  portion  of  the 
flight  spectrum.  The  performance  of  growth 
versions  of  the  oifered  turbojet  and  turbo&m 
depend  on  extensions  to  the  operating  tempera¬ 
ture  limits,  component  efficiencies,  and/or  flow 
capacity.  Those  growth  items  which  can  be 
accomplished  without  major  modifications  to  the 
installation  or  scaling  of  the  inlet  are  considered 
most  attractive.  Both  engine  companies  offered 
tome  growth  of  this  type,  That  growth  which 
comes  from  large  increases  In  airflow,  would 
necessarily  require  major  propulsion  system 
redesign.  A  large  thrust  growth  would  have  to 
be  planned  Into  aircraft  production  model  changes, 
such  os  extended  body  and/or  c.darged  wing 
area  versions,  to  be  practically  adopted,  because 
of  costs  and  development  time  involved  in 
accepting  then  a  changes.  However,  the  n.-Jor 
engine  rework  developments  which  would  call 
for  new  propulsion  pod  designs  should  be  com¬ 
pared  with  direct  engine  and  propulsion  system 
scaling  Ixiforc  they  should  be  attempted. 

4, 1  GENERAL  ELECTRIC  ENGINE 
The  GE4/J5P  engine  was  offered  with  a  specific 
series  of  growth  versions,  which  arc  made 
available  at  three  and  five  years  after  Initial 
commercial  service.  As  shown  on  Table  4-A, 
the  emphasis  is  on  changes  which  Increase  thrust 
across  the  board.  Four  possible  Increased 
airflow  versions  arc  offered.  Step  No.  1,  a  4.5 
percent  airflow  increase  at  cruise,  could  probably 
bo  accommodated  on  the  present  aircraft  pod 
design  with  a  minimum  of  additional  effort  on 
Boeing’s  part.  Step  No.  2  requires  an  inlet 
change  whereas  Step  No.  3  and  4  require  both  an 
Inlet  change  and  n  change  In  pod  and  frame  site. 
Cycle  temperature  Increases,  nB  noted  on  Table 
4-A,  aro  offered  for  each  of  these  choices. 

Tabic  4-B  shows  the  thrusts  and  SFC  of  the 
offered  engine  growth  ratings. 

The  turbine  temperaturo  Increase  of  100*F  would 
allow  the  present  airplane  to  cruise  at  an  SFC 
reduction  of  about  1  percent.  The  added  thrust 


would  not  appreciably  help  the  aircraft  range 
factor  as  the  aircraft  is  presently  flying  close  to 
maximum  L/D  at  this  engine  size.  The  increased 
airflow  offered  in  step  3  yields  an  additional  • 
percent  in  cruise  thrust.  The  airflow  improve¬ 
ment,  coupled  with  the  temperature  Increase 
would  provide  an  equivalent  SFC  Improvement  of 
3  percent  (100  miles  range  improvement).  Step 
No.  4  should  offer  a  somewhat  better  situation, 
but  no  dafa  war  supplied  on  cruise  thruot. 

Although  the  range  Improvement  on  the  present 
airplane  is  email,  the  gross  weight  improvement 
possibilities  are  qui‘c  substantial  based  on  the 
42.7  pe,wcnt  takeoff  growth  (Table  4-B)  offered 
in  Step  No.  4,  should  this  be  preferred  to  scaling 
of  the  engine.  Step  No.  3  thrust  Increase  of  20.# 
percent  provides  considerable  aircraft  growth 
possibilities  without  consideration  of  engine  scaling. 

All  modifications  offered  are  believed  to  be 
normal  developments  in  engine  program. 

4.2  PRATT  AND  WHITNEY  AIRCRAFT  ENGINE 
The  JTF17A-21B  waB  offered  with  a  five  year 
growth  in  thrust  of  12.5  percent  at  takeoff  and 
transonic  conditions,  and  matched  cruise  SFC 
improvement  of  4.2  percent.  These  improve¬ 
ments  would  come  about  through  increased  air¬ 
flow  and  component  developments.  Table  4-A 
lists  the  improvements  to  be  expected  in  that  time 
period.  Table  4-B  shows  the  thrust  and  specific 
fuel  consumption  (SFC)  corresponding  to  these 
changes.  The  P&WA  engine  growth  will  depend 
on  aerodynamic  improvements  in  the  compressor 
and  nozzle,  as  well  as  cycle  temperature  in¬ 
crease. 

Attainment  of  certain  of  these  growth  items 
appears  to  bo  more  difficult  than  on  the  GE 
engine.  Boeing  cycle  studies  ind’eate  that  12. & 
percent  takeoff  thrust  improvement  (listed  la 
Table  4-B)  would  require  about  10  percent  in¬ 
crease  in  airflow  coupled  with  the  component 
changes  offered.  The  PS.  WA  plan  to  achieve  this 
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through  reduced  form  and  compressor  blade 
solidity,  appears  optimistic.  Pratt  and  Whitney 
Aircraft  plan  to  improve  the  compressor  efficiency 
by  up  to  six  percent  as  port  of  this  program. 
Although  thi  present  design  of  1.8  pressure  ratio 
In  six  stages  at  80  percent  efficiency  is  within  the 
present  state  of  art,  such  an  increase  calls  for  a 
substantial  improvement  in  this  art  over  the  next 
five  years. 

Aa  a  further  development,  P&WA  offered  to 
increase  tho  bypass  ratio  of  tho  engine  from  l.S 
to  l.<>  without  increasing  the  number  of  turbine 
stages,  but  a  nozzle  redesign  is  required  and 
this  would  probably  bo  accomplished  by  adding  a 
compressor  stage  at  tho  compressor  inlet.  The 
Sea  Level  Static  (SLS)  thrust  is  Increased  25 
percent,  the  transonic  thrust  by  30  porccnt  and 
the  SFC  is  reduced  by  a  total  of  6.2  percent  from 
the  basic  engine  offering.  This  evolution  appeara 
to  be  a  reasonable  method  of  thrust  growth  for 
this  turbofan  cnglw. 

Both  of  tho  thrust  growth  methods  proposed  by 
P&WA  would  rcqulro  a  change  in  inlet  size. 

The  four  pcrconl  cruise  SFC  Improvement  could 
be  provided  in  the  present  propulsion  Installation. 


4.3  SUMMARY 

The  CE  engine  could  be  modified  to  improve  the 
cruise  SFC  by  about  two  percent  without  requir¬ 
ing  an  inlet  size  change.  A  cruise  SFC  improve¬ 
ment  of  about  three  percent  and  a  takeoff  thrust 
increase  of  up  to  8. 8  percent  can  be  accomplished 
through  airflow  changes  which  would  require  aa 
inlet  change,  but  not  a  frame  size  change.  All 
modifications  suggested  appear  attainable. 

Takeoff  thrust  increases  up  to  42  percent  are 
possible  If  the  frame  size  can  be  altered. 

The  Pb  WA  engine  could  be  modified  to  Improve 
tho  cruise  SFC  by  about  four  percent  without 
changing  inlet  size.  Attainment  of  the  compres¬ 
sor  and  fan  performance  required  to  obtain  this 
improvement  will  be  difficult.  The  takeoff  and 
transonic  thrust  incrcas  :  of  12.5  percent  will 
require  an  Inlet  size  Increase.  This  thrust 
Increase  requires  a  10  percent  Increase  In  air¬ 
flow  which  may  be  difficult  to  obtain  In  the 
present  compressor  size. 

A  further  refinement  by  PfcWA,  raising  the 
bypass  ratio,  looks  promising.  Takeoff  thrust 
increa  ^es  as  high  as  25  percent  are  possible 
without  adding  a  turbine  stage. 
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Performance  gain?d  fromi 


Engine  changes  required 


Evolution  of  GS4/J5P  cycle 

a.  Increased  airflow 

Step  1  -  ‘  2.5%  at  T/O  &  +4.5%  at  cruise 

Step  2  -  v  2.5%  at  T/O  &  +9.0%  at  cruise 

Step  3  -  + 13. 0%  at  T/O  L  +9. 0%  at  cruk 

Step  4  -  +35  %  at  T/O 

b.  Maximum  increased  turbine  inlet  temperature 

ATIT  =  +  100*F 

c.  Maximum  increased  augmentor  temperature 

AT  A/B  =  +360*F 


General  Electric 


Compressor  redesign  and  resized  inlet 

1  -  Overspeed,  stator  reset,  and  mater 

2  -  Overspeed,  stator  reset,  and  mater 

3  -  Compressor  flaring,  overspeed,  sta 

substitution,  enlarged  augmentor,  n 

4  -  Zero-staged  compressor  with  redes 


b.  Increased  cooling  flow  and  material  sut 
e-Jargcd  turbine  diaphragm 

c.  Modify  fuel  system  to  handle  increased 


1- Component  development 

a.  Increased  airflow  at  takeoff  and  transonic  conditions 

b.  Increased  compressor  efficiency  (+6%),  distortion 
tolerance,  and  surge  margin 

c.  Increased  turbine  inlet  temperature,  ATIT=  +75*F 

d.  Improved  nozzle  performance ACV=  +. 3% 

e.  Reduced  engine  weight,  A  specific  wt.  -10% 


Pratt  and  Whitney  Alrcra 


a.  Reduced  fan  and  compressor  blade  soli 

b.  Shotted  rotors  and  stators,  variable  cat 
reduced  end-wall  losses 

c.  Material  substitution  in  turbine  blades 

d.  Nozzle  redesign  for  better  utilization  o 

e.  Reduced  blade  solidity,  controlled  vort 
(lower  rpm  for  same  flow),  short  main 
nozzle  weight  through  light  weight  matt 
In  reverser  design. 


2- Bypass  ratio  Increase 
Increased  airflow 


a.  Redesigned  fan  rotor,  duct  heater,  nor 
ejector;  resized  inlet. 


0 


Table  4-A  Engine  Growth  Summary  (GE) 


aired 


Credibility 


inlet 

material  substitution 
material  substitution 
id,  stato.*  reset,  material 
tor,  modified  nozzle 
redesigned  front  4  stages 


lal  substitution  with  an 


eased  flow 


1  -  Airflow  capability  demonstrated  on  475  PPS  compressor 

2  -  Airflow  capability  demonstrated 

3  -  Requires  a  major  redesign  but  Is  achlcveable  within 

present  design. 

4  -  Requires  a  major  redesign  of  the  entire  propulsion  pod 

but  is  attainable  through  development  of  present  engine 
design. 

b.  Achievable  through  experience  and  attainable  within 
present  design. 

o.  Achievable  through  experience  and  attainable  within 
present  design. 


Aircraft 


Is  solidity 
jle  camber  IGV, 


lades  and  discs 

tlon  of  tho  pressure 

i  vortex  flow  In  turbine 
main  burner,  reduced 
t  material  substitution 


a.  Requires  a  redesigned  fan/compressor.  Short  chord  blades 
with  higher  stage  loading  will  probably  require  material 
substitution  on  the  basis  of  strength. 

b.  Requires  a  major  redesign.  Efficiency  increase  is  optimistic. 


c.  Achievable  through  experience  and  attainable  within  present  design. 

d.  Attainable  through  development  of  present  design. 

o.  Experience  will  dictate  amount  of  weight  reduction 
attainable  with  part  life  and  TBO  used  as  limiting 
factors. 


r,  nozzle,  reverscr,  and 


a.  Present  turbine  limitations  suggest  a  supercharge  of 
the  primary  compressor  may  have  to  accompany  this. 


& 
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1 .  Growth  within  engine  frame 

A.  3  year  growth 

o  A  SLS  max  aug 
e  A  Transonic  max  aug  Fjf 
e  A  Cruise  SFC  (constant 

OE 

PCrWA 

Step  1 
♦  5.8% 

+10.0% 

-  1.9% 

Componena 

Development 

♦  7.0% 

*  7.0% 

-  2.2% 

B.  3  year  growth 

e  A  SLS  max  aug  Fjj 
e  A  Transonic  max  aug  Fjj 
e  A  Cruise  SFC  (constant  Fjj) 

Step  2 
■*  8  .8% 

♦16.0% 

-  2.8% 

Component 

Development 

+12.5% 

♦12.  5% 

-  4.2%. 

2.  Growth  with  enlarged  frame 

5  year  growth 
e  A  SLS  max  aug  Fjj 
e  a  Transonic  max  aug  Fjj 
e  a  Cruise  SFC  (constant  Fjj) 

f*ep  3 

(Con.nrcssor 

Flarod) 

♦20. 0%,  ' 

+25.1/?, 

-  2.8% 

Bypass  Ratio 
(BPR-1.6) 

+25.5% 

+30.5% 

-  6.2%, 

e  A  SLS  max  aug  Fjj 
e  A  Transonic  max  aug  Fjj 
e  A  Cruise  SFC  (constant  Ffj) 

Step  3 

(Zero- Singed) 

"42.7% 

♦48.6% 

(not  given) 

Bypass  Ratio 
(BPR  2.0)* 

+42.5%, 

+45.5% 

-  5.7%. 

•  May  require 
added  turbine 

stage 
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U.O  INLET/ENGINE  COMPATIBILITY 


Complete  inlet/englne  compatibility  can  bo  de¬ 
veloped  lor  tho  B-2707  airplane  using  either  the 
GK4/J5P  or  tho  JTF17A-21B  engines.  Tl»c  inlet 
incorporates  features  which  provide  wide  stabil¬ 
ity  margins  for  engine  generated  disturbances, 
low  circumferential  distortion,  and  the  means  to 
adjust  the  moderate  radial  distortion  to  favor  the 
particular  cnjr'ato  selected.  These  features  are 
discussed  in  detail  in  tho  Propulsion  Report  - 
Part  A,  Document  V2-B2707 -12,  Sec.  3.0,  and 
they  Include: 

■ .  Tho  throat  bleed  vortex  valvo  which 
provides  a  seven  percent  flow  stability  margin 
when  the  Inlet  is  operating  at  one  percent 
supercritical. 

% 

b.  The  centerbody  cone  bleed  scoop  which. 

In  conjunction  with  the  vortex  valvo,  provides  a 
buzz  stability  margin  varying  from  G8  percent  at 
Mach  1.4  to  nine  percent  at  Mach  2.7. 

c.  Vortex  generators  on  both  the  cowl  and 

centerbody,  which  can  be  modified  in  effective¬ 
ness  to  vary  the  pressure  patterns  between  tho 
hu>j  and  tip  regions  of  the  compressor  or  fan 
Inlet.  I 

;  ' 

Of  tho  two  enginrr.  considered,  the  compatibility 
development  would  bo  the  least  difficult  with  the 
GE  turbojet.  This  is  due  to  the  basic  cycle, 
design,  and  control  concepts  involved. 

Compatibility  between  the  Inlet  and  engine 
involves  four  basic  considerations: 

(1)  Inlet  distortion  and  inlet  flow  stability 
effects  on  the  engine 

(2)  Engine  flow  stability  effects  on  tho  inlet 

(.1)  Control  Interactions  and  responses 

(4)  Inlet/cngino  flow  matching 

5. 1  ENGINE  INLET  DISTORTION  AND  FLOW 

STABILITY  EFFECTS 

The  measured  overall  compressor  face  distortion 
levels  for  normal  inlet  operation  ore  shown  In 


Fig.  5-1.  Two  operating  limits  for  the  engines 
are  also  shown.  The  lower  limit  (labeled  steady 
state)  Is  the  maximum  estimated  distortion  that 
can  be  accepted  without  any  performance  loss  or 
degradation  of  design  life.  The  upper  limit 
(labeled  transient)  is  tlio  maximum  estimated 
distortion  that  can  be  tolerated  without  engine 
surge,  flame-out  or  excessive  blade  stress. 
Between  these  limits,  some  performance  lo-  s 
can  be  expected.  The  B-2707  Inlet  13  designed 
to  keep  distortion  below  tlie  steady  state  limit 
for  all  subsonic  and  ouperBonlc  cruise  conditions, 
and  to  keep  distortion  below  the  transient  limit 
during  all  aircraft  and  engino  power  transients 
including  takeoff  and  climb  accelerations. 

The  distortion  levels,  in  terms  of  the  General 
Electric  distortion  index  (NDI),  are  below  the 
specified  limits  for  all  conditions.  This  index  * 
is  a  term  which  weights  the  extent  and  distribu¬ 
tion  of  the  low  total  pressure  regions  at  the 
compressor  face,  and  incorporates  a  recognition 
of  preferred  radial  distribution  and  the  relative 
insensitivity  of  the  compressor  to  small  isolated 
regions  of  low  total  pressure.  Figure  5-2  Bhuws 
that  even  with  extreme  super-critical  operation 
of  the  inlet,  the  Number  Distortion  Index  (NDI) 
remains  well  below  the  limits.  In  the  event  of  an 
inlet  hydraulic  system  failure  on  takeoff,  with  the 
inlet  centerbody  full  expanded,  the  NDI  is  eight 
percent  below  the  level  acquired  to  induce  stall. 

In  terms  of  the  P&WA  distortion  index, 

P  P 

Tmax  -  Twin  the  distortion  levels  shown  In 

p 

*Tave 

Fig.  5-1  exceed  the  limits  for  no  performance 
loss  durirg  a  portion  of  the  climb  condition. 
However,  the  levels  do  not  exceed  tho  stall  free 
operating  limits  for  the  engine.  Figure  o-2 
shows  tho  margin  for  supercritical  opera tlon. 
While  this  margin  is  somewhat  less  than  that  for 
the  GE  engine,  it  is  sufficient  to  allow  for  shock 
excursions  resulting  from  power  and  inlet  control 
transients. 

Aside  from  the  differences  in  distortion  indices 
and  limits  employed  by  GE  and  P&W/  ,  the 
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JTF17A-21B  la  considered  to  be  Inherently  more 
•cnattive  to  Inlet  distortion.  The  overhung  fan 
rotor,  short  bearing  span  design  requires  high 
stage  loading,  short  chord  blading  and  no  Inlet 
guide  vanes.  Further,  the  primary  gas  genera¬ 
tor  flow  has  s  relatively  steep  hub  to  tip  Inlet 
total  pressure  gradient,  since  it  receives  only 
the  Inner  annulus  of  the  inlet  flow. 


The  GE4/J5P  design  employs  s  relatively 
moderate  front  stage  loading,  moderate  aspect 
ratio  blading  and  variable  inlet  guide  vanes  and 
stators. 

Tests  and  studies  of  the  inlet,  inlet  control  and 
Inlet /engine  dynamics  have  revealed  only  one 
significant  effect  on  tho  engino,  nnd  that  is  stall 
induced  by  the  Inlet  unstart  transient.  In  the 
event  of  on  inadvertent  unfltart  at  high  super¬ 
sonic  Mach  numbers,  it  Is  anticipated  that  the 
sudden  reduction  in  Inlet  pressure  will  cause  a 
momentary  engine  stall. 

Based  on  the  J93  engine  flight  test  data,  the 
GF 1  /Jr.T  engine  can  normally  bo  expected  to 
recover  from  the  stall  In  a  fraction  of  a  second 
after  uns' art.  Similarly,  If  the  afterburner 
flames  out,  it  will  nuto-ignltc  in  a  fraction  of  a 
second  after  tho  unstart.  Flight  test  data  on 
current  supersonic  aircraft  indicate  there  is 
little  likelihood  of  n  primary  burner  flamcout  in 
cither  tho  GE  or  P&WA  engino. 


The  JTF17A-21B  is  also  expected  to  recover 
from  the  unatart  induced  stall  In  a  fraction  of  a 
second.  However,  the  duct  burner  fuel  1* 
automatically  shut  off,  and  the  pilot  must  re¬ 
cycle  the  power  lever  through  tho  duct  heater 
ignition  zone  to  affect  a  rc-llght. 


r..2  ENGINE  FLOW  STABILITY  EFFECTS  ON 

INLET  .  . 

The  Inlet  control  system  Is  designed  to  respond 
to  nil  lwt  the  most  extreme  engine  Inducer,  flow 
variations  (c.g..  engine  stall).  If  a  reduction 
in  now  exceeds  a  rate  of  35  percent  per  second 
nnd  an  amplitude  of  1/2  percent,  the  inlet  normal 
shock  will  momentarily  move  Into  tho  vortex 
valve  throat  bleed  slot.  If  the  Inlet  Is  unsUrted, 
thy  ecntcrlxxly  cone  bleed  scoop  wl'l  prevent 
engine  now  Instabilities  from  inducing  Inlet  buzz. 


The  GK  I/.ir.P  turlwjet,  with  direct  control  of 
rotor  speed,  produces  relatively  slow  rates  of 


change.  Tbe  inertia  of  the  rotor,  and  the  choking 
of  the  turbine  diaphragm,  dampen*  engine  gen¬ 
erated  disturbances  before  they  t'cach  the  Inlet, 
permitting  the  lnlcf  control  to  follow  closely. 

Figure  5-3  shows  the  result*  of  a  m*  their.  ntleel 
model  simulation  study  of  an  afterburner  ligha- 
off  at  Mach  2.2. 

The  P&WA  JTF17A-21B  turbofan,  with  duct 
Mach  number  control  of  airflow  and  m. choked  flow 
across  the  fan  stage,  will  occasionally  create 
flow  variation  rates  exceeding  the  capability  of ^the 
inlet  control  system.  This  will  occur  primarily 
during  power  changes.  In  these  instance*,  tho 
vortex  valve  will  come  into  operation  to  hold  the 
shock  until  the  Inlet  control  responds.  Fl(pxro  a-3 
shows  the  results  of  a  mathematic  model  slmu- 
lation  study  of  a  duct  burner  light-ofr  at  Mach  2.*. 

5.  3  CONTROL  INTERACTIONS  AND  RESPONSES 
Inlet/onglne  mathematic  simulation  studies  to 
date  nave  indicated  acceptable  control  system 
Interactions  nnd  responses. 

When  sufficiently  refined  simulation  models  are 
available,  a  study  will  be*  conducted  to  determine 
if  the  inlet  control  nnd  the  turl>oinn  duct  Mach 
nurnlier  control  interact  across  the  low  pressure 
rntlo  fan.  Similarly,  tests  arc  required I  to 
determine  if  inlet  distortion  will  carry  through 
the  fan  and  result  In  erroneous  engine  duct  Mad* 
number  control  signals. 

5. -4  INLET/ENGINE  FLOW  MATCH 
Both  engines  provido  the  means  to  ndjust  engine 
airflow  to  match  the  inlet  capture  flow  at  the 
design  cruise  condition.  This  adjustment  pro¬ 
vides  compensation  for  manufacturing  and 
control  tolerances. 

The  GE1/J5G  provides  for  automatic  airflow 
trim  (engine  rotor  6pccd  and  secondary  airflow 
control  bias)  to  compensate  for  non-standard 
day  cruise  operation.  This  trim  adjustment 
results  In  maximum  propulsion  pod  thrust  minus 
dreg  for  any  ambient  temperaturo. 

The  P&WA  JTF17A-21B  airflow  control 
schedule  maintains  good  flow  matching,  with 
maximum  thrust  minus  drag,  for  umblent  tem¬ 
peratures  at  and  above  standard.  There  Is  no 
trim  capability  for  cold  day  operation  with  the 
Boeing  selected  engine  flow  schedule.  As  cruise 
temperatures  decrease  from  slam  j»xi,  the  nor- 
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m*J  abode  becomes  progressively  more  super-  ratio  under  tbeae  conditions  than  doea  the 

critical  {more  atable)  with  aome  resultant  loss  In  GE4/J5P.  As  a  cohsequence,  the  bypass  system 

inlet  recovery.  is  approximately  25  percent  smaller  for  the 

turbofan.  During  subsonic  cruise  operation,  the 

The  inlet  bypass  system  is  sized  for  the  descent  turbofan  again  has  a  mass  flow  ratio  advantage; 

condition  with  the  windmill  brake  applied.  The  this  is  equivalent  to  a  two  percent  8FC  subsonic 

JTF17A-21B  engine  passes  a  larger  mass  flow  advantage. 


PERCENT  SUPERCRITICAL  MARCH 


Flfvf  5-2.  Iml*t  Olifort/M  Vwim  5up*rcrltlc*l  Msryfa 
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6.0  ENGINE  DEVELOPMENT  RISK 


This  evaluation  Is  based  on  information  received 
from  the  two  engine  manufacturers  during  the 
SST  program.  The  most  specific  and  recent 
Information  was  obtained  during  a  visit  by  Boeing 
representatives  to  tho  manufacturers'  facilities 
In  mid-July,  1966,  and  from  preliminary  draft 
copies  that  represented  portions  of  the  Phase 
II  C  engine  proposal  documents. 

In  general,  tho  propulsion  system  and  components 
for  tho  SST  represent  an  advance  In  technology 
over  present  flight  propulsion  systems.  Because 
of  this,  each  component  of  tho  engine  represents 
a  development  risk,  to  some  degree,  and  each 
component  considered  was  placed  In  one  of  three 
risk  categories.  Briefly,  component /system 
performance,  life,  complexity,  and  weight  were 
considered  in  placing  that  Item  In  a  risk  category. 
The  Judgement  factors  used  were: 

e  Design  Goals 

e  Demonstrated  Performance 

•  Past  Experience 

e  Technical  Capability 

e  Design  Approach 

In  some  instances  component  design  and  per¬ 
formance  were,  when  measured  against  today's 
demonstrated  technology,  of  such  a  low  risk  as  to 
not  warrant  being  placed  In  ono  of  the  three 
major  risk  categories  (l.e.,  a  normal  develop¬ 
ment  program  should  ensure  apecllied 
performance). 

Tho  risk  categorlea  are: 

a.  Category  1  -  Tho  component  or  design 
has  some  questionable  aepocta  at  this  time. 

Some  problems  aro  foreseen,  end  an  above 
average  success,  In  a  well  run  development 
program,  will  bo  required  to  accomplish  the 
design  goats.  Tho  performance  goals  will  pro¬ 
bably  be  rcachod. 


The  SST  Program  implications  are: 

Increased  development  program  costs 
Reduced  parts  life 
More  complexity 
Minor  program  delays 

b.  Category  2  -  A  component  placed  In 
Category  2  suffers  the  same  risk  as  Category  1, 
but  to  a  higher  degree.  Moreover,  additional 
program  Implications  aro  present,  especially  if 
the  goals  are  not  reached.  Quite  possibly,  not 
all  goals  will  be  reached,  particularly  in  early 
commercial  service. 

The  SST  Program  Implications  (additional  to 
Category  1)  are: 

Payload-range  decrement 
Increased  direct  operating  cost  (DOC) 
Increased  program  delays 

c.  Category  3  -  A  Category  3  item  is  one 
which  is  a  risk  item  as  in  (1)  and  (2)  above,  but 
has  the  potential  of  significantly  affecting  the 
overall  program.  The  attainment  of  specified 
goals  and  performance  Is  doubtful. 

The  SST  Program  Implications  (addltonal  to 
Category  1  and  2)  are: 

Major  program  delay 
Major  program  redirection 

Note:  The  material  in  the  following  sect'cns  is 
based  on  a  more  complete  treatment  of  -Jie 
subject  contained  in  Appendix  A. 

6. 1  GENERAL  ELECTRIC  GE4/J5P  ENGINE 

6.1.1  Compressor 

The  620  Ib/scc  nino  stage  compressor  has  a  sos 
level  static  (SLS)  pressure  ratio  of  12.3  at  86.0 
percent  efficiency.  Cruise  efficiency  will  b® 
84.5  percent.  The  demonstration  cnglno  has  a 
475  lb/sec  eight  stage  compressor,  which  has 
been  rig  tested.  Tho  demonstrated  test  results 
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ami  lack  of  known  mechanical  design  problem* 
Indicate  that  the  compressor  performance  closely 
approximates  the  design  goals.  The  distortion 
test  results  reported  to  date  on  the  eight-stage 
demonstrator  compressor  indicate  that  distortion 
problems  will  likely  be  minimized.  In  addition, 
the  inherent  flexibility  of  a  variable  geometry 
design  allows  significant  changes  in  compressor 
performance  without  redesign  of  the  compressor, 
should  problems  arise.  Overall,  the  CE  com¬ 
pressor  Is  not  considered  to  be  in  one  of  the 
major  development  risk  categories. 

8.1.2  Main  Burner 

The  annular  main  burner  has  s  film  cooled  wall, 
giving  wall  temperature  of  1, 500*F.  At  cruise 
the  burner  efficiency  Is  98. 75  percent,  with  * 

7 . 2  percent  totnl  pressure  drop. 

The  design  space  heat  release  rate  and  the  exit 
temperature  profile  are  'wo  aspects  requiring 
further  development  work.  At  this  time  a  full 
scale  air  flow  rig  has  not  been  used.  General 
Electric's  past  exj*crlence  with  similar 
burners,  and  tho  test  program  and  demonstrated 
performance  to  date  arc  encouraging.  Overall 
the  GE  1/J5P  main  burner  does  not  fall  Into  one 
of  tho  major  risk  categories. 

0.1.3  Turbine 

The  turbine  Is  designed  for  a  gas  temperature 
of  2, 250*  F  Inlet  temperature  nt  takeoff,  In  climb 
and  In  acceleration,  and  for  2,200*F  In  cruise. 
Cruise  efficiency  Is  90.3  percent. 

The  GE4/J5P  turbine  work  output  requirement  is 
such  that  the  two  stage  turbine  easily  meets  this 
work  requirement.  General  Electric  has  other 
operational  engines  such  ns  the  J79  and  J93  run¬ 
ning  at  these  turbine  work  and  efficiency  levels. 
The  turbine  Is  therefore  a  conservative  nor  ady¬ 
namic  design.  The  design  offers  the  flexibility 
to  extract  more  v.ork  If  this  should  lx?  required 
during  engine  development.  The  aerodynamic 
performance  of  the  CE  turbine  Is  not  considered 
a  risk  item. 

Mechanically,  the  first  stage  turblno  blades 
operate  at  a  tensile  stress  of  13,300  pal  at  the 
critical  section  and  have  an  averngo  metal 
temperature  of  1,550*F.  Total  cooling  flow  Is 
12.3  percent.  The  blades  arc  mr.de  of  cast 
nenc'CO,  the  first  stage  vnnea  of  cast  X-40,  and 
the  other  vanes  of  llenc'77.  There  la  a  possibility 


that  GE  may  have  design  problems  with  film 
cooling  development  and  achievement  of  the 
desired  material  properties  la  Rene*  69,  or 
coating  problems  If  Jlene'  100  Is  used  as  s 
substltuc.  The  GE4/J5P  turbine  blade  life  is 
therefore  classified  as  a  Category  1  risk  Item. 

6.1.4  Afterburner 

The  maximum  nfte.bumer  (A/B)  gas  tempera¬ 
ture  Is  2, 840*F.  Afterburner  entry  temperature 
In  cruise  Is  1,600*F.  Augmentor  temperature 
rlBe  in  cruise  is  about  300*F,  and  afterburner 
chemical  combustion  efficiency  is  about  99 
percent. 

The  GE  augmentor  is  based  on  actual  flight 
experience  with  the  J79  and  J93  engines.  An 
Important  question  Is  one  of  commercial  life  of 
augmentor  parts.  General  Electric  has  set  a 
design  life  goal  of  4,000  hours  without  repair. 
Attainment  of  this  goal  will  be  difficult.  Be¬ 
cause  of  the  parts  life  question  at  this  time  and 
tho  consequent  effects  on  airplane  dlepatchabillty, 
the  augmentor  life  Is  classified  as  a  Category  2 
risk  item. 

6.1.6  Nozzlo/Revcrser 

The  lack  of  substantiating  test  data  from  models 
exactly  duplicating  the  present  two-stage  ejector 
nozzle  design,  the  apparent  Inexperience  of  GE 
with  ihls  particular  ejector  concept,  and  the 
strong  effects  of  nozzle  performance  on  payload- 
range,  mnke  the  nozzle  a  Category  2  development 
risk  item. 

Tho  thrust  reverser  should  perform  as  quoted  by 
GE,  but  the  life  and  reliability  factors  make  this 
component  a  Category  1  risk  item, 

6. 1. 6  Engine  Weight 
Boeing  docs  not  feel  qualified  to  present  a 
detailed  nnalysis  of  the  weight  of  tho  GE4  engine. 
There  exists  no  operational  precedent  for  the 
nozzle-thrust  reverser  system  os  offered. 
Because  of  this,  there  Is  every  reason  to  con¬ 
sider  the  possibility  of  weight  Increase  above 
tho  present  engine  company  estimates.  This 
factor,  together  with  the  consequences  of  over¬ 
weight  on  airplane  performance,  classify  the 
weight  of  tho  GE  engine  aa  a  Category  2  develop¬ 
ment  risk. 


0.1.7  Controls  and  Engine  Dynamics 
General  Electric  is  offering  a  control  system 
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which  la  virtually  identical  to  previous  operation¬ 
al  control  systems.  The  compressor  variable 
ntatora  offer  a  decree  of  flexibility  In  engine- 
inlet  compatibility  problems. 

General  Electric  has  an  experience  background 
that  la  directly  applicable  to  control  system 
simulation  and  has  shown  that  this  simulation 
gives  realistic  predictions. 

Afterburner  light-off  does  not  present  problems 
for  the  Inlet  even  with  a  delayed  light-off.  The 
afterburner  operates  during  most  of  the  mission 
under  nuto-ignition  conditions.  A  computer  run 
with  forced  blow-out  showed  engine  airflow 
transients  within  Boeing  limits. 

The  GE-1/J5P  engine  will  probably  experience  s 
momentary  compressor  stall  due  to  an  inlet 
vnstart.  The  main  burner  will  remain  lit  at  all 
times.  The  afterburner  will  probably  blow  out 
but  will  auto-lgnlte  within  a  fraction  of  a  second. 

General  Electric  has  initiated  a  well  defined 
program  on  compressor  surge  margin  and 
distortion  tolerance.  Distortion  test  data  for 
the  eight  stage  comprv  t-Gor  looks  good  for  this 
phase  of  the  program.  However,  the  nine  stage 
compressor  differs  significantly  from  tho  eight 
stage  demonstrator  (aspect  ratio  of  first  stage 
blades  of  2.4  and  1.3  respectively). 

Thus  tho  distortion  tolerance  of  tho  nine  stage 
compressor  remains  to  bo  demonstrated.  In 
case  of  persistent  distortion  or  dynamic  control 
problems  GE  can  incorporate  tho  variable  statora 
in  the  high  response  part  of  the  control  system. 

For  these  reasons,  tho  controls  and  dynamics  of 
the  GE  I/J5P  engine  constitute  a  Category  1 
development  risk. 

6.2  PRATT  ti  WHITNEY  JTF17A-213  ENGINE 

6.2. 1  Fan  and  Compressor 
At  sea  level  static  design  conditions  tho  fan  has 
a  tip  speed  of  1694  fps,  a  tip  relative  Mach 
number  of  1.67,  and  efficiencies  of  78.8  percent 
for  the  outer  annulus,  or  duct  side,  and  88.8  per¬ 
cent  for  tho  Inner  annulus,  or  cnglno  side.  At 
cruise  the  efficiencies  are  80.8  and  89.8  percent, 
respectively. 

The  fan  Is  still  In  an  early  development  state  and 
performance  goals  havo  not  been  demonstrated. 


The  lack  of  distortion  testing  together  with  the 
fluid  state  of  the  fan  design,  make  the  achieve¬ 
ment  of  stated  fan  performance  goals  a  Category 
1  development  risk  item. 

At  sea  level  static  the  six-stage  HP  compressor 
has  a  design  pressure  ratio  of  4.84  with  85.  t 
percent  efficiency.  At  cruise  tho  efficiency  la 
86. 8  percent.  The  HP  compressor  design  le 
still  In  a  early  development  state,  performance 
goals  have  not  been  demonstrated  and  distortion 
test  results  are  not  available.  These  factors 
Indicate  that  the  HP  compressor  Is  a  Category  1 
development  risk.  Considering  that  the  HP 
compressor  must  bo  developed  to  accept  fan  hub 
flow,  the  overall  compressor  section  of  the 
JTF17A-21B  fa  viewed  aa  a  Category  2  develop¬ 
ment  risk. 

6.2.2  Main  Burner 

The  main  burner  la  an  annular  ram  induction 
burner  with  a  burner  efficiency  of  99  percent. 

Tho  burner  liner  peak  temperature  is  1,800*F 
to  1,  850*F. 

The  ram  induction  concept  is  new,  and  no  flight 
experience  Is  available  as  a  technological  base. 
However,  test  performance  to  date  Is  encourag¬ 
ing  and  there  is  reason  to  believe  that  PfcWA  can 
achieve  their  goals.  The  main  burner  therefore 
dees  not  fall  into  one  of  the  risk  categories. 

6.2.3  Turbine 

The  turbine  Is  designed  for  2, 300*F  turbine  gas 
inlet  temperature  at  takeoff  and  acceleration, 
and  2,200*F  In  cruise.  The  cruise  efficiencies 
for  HP  and  LP  turbine  are  86. 9  and  88. 0  per¬ 
cent. 

The  JTF17A-21B  turbine  Is  a  highly  loaded 
aerody.'jjmlc  design  with  high  cascade  Mach 
numbers  and  low  exit  hub  /tip  ratios.  II  appears 
that  the  efficiency  will  be  difficult  to  achieve  aa 
tho  specified  rotor  tin  clearances  of  0.02  -  0.035 
inches  will  be  difficult  to  maintain  in  operational 
engines.  An  Increase  to  a  more  conventional 
0.08-inch  clearance  will  cost  about  2  percent  in 
turbtno  efficiency.  The  JTF17A-21B  turbine 
aerodynamic  penormnnee  is  classified  as  a 
Category  2  development  risk  item. 

Typically,  a  fan  engine  turblno  blade  has  rather 
high  stresses  at  mid  6pan.  The  overage  metal 
temperature  of  1,640*F  together  with  the  con¬ 
vection  typo  of  cooling,  and  the  material  selected 
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for  the  turbine  blade*  (PWA  658).  make  It  difficult 
to  obtain  the  stated  creep  life  of  10,000  hours. 

The  JTF17A-21B  turbine  life  is  classified  as  a 
Category  1  development  risk  item. 

6.2.4  Augmentor 

The  augmentor.  a  ram  Induction  burner,  la 
designed  for  a  maximum  gas  temperature  of 
3. 140*F  and  a  maximum  temperature  rise  of 
2, 800*F.  The  nominal  cruise  temperature  rise 
is  around  930*F  at  a  chemical  combustion 
efficiency  approaching  100  percent.  Film  cool¬ 
ing  of  the  liner  results  in  metal  temperatures  of 
1, 200*F  to  1,400’F  In  cruise.  Light-off  occurs  st 
a  fuel  to  nir  ratio  of  0. 002. 

The  burner  concept  is  new,  and  is  without  past 
supersonic  flight  expcricnco  as  a  technology  base. 
The  augmentor  must  perform  under  a  wide  range 
of  flow  conditions  from  the  fan;  and  at  high 
combustion  efficiency  levels.  Because  of  the 
effect  of  duct  burner  efficiency  on  cruise  S**C 
the  duct  burner  Is  classified  as  a  Category  2 
development  risk  item.  These  comments  are 
based  on  steady  flow  operation.  Duct  burner 
dynamic  considerations  arc  treated  later. 

6.2.5  Nozzle/Reverser 

Although  P&WA  tests  tend  to  substantiate  the 
nozzle  performance  level  at  supersonic  cruise, 
further  development  is  required  to  achieve  the 
nozzle  performance  goals  at  other  flight  condi¬ 
tions.  In  view  of  the  strong  affects  of  nozzle 
performance  on  alrplano  performance,  the 
nozzle  is  considered  a  Category  2  development 
risk  item  until  specific  tests  prove  that  the 
performance  levels  can  bo  attained. 

Pratt  and  Whitney  Aircraft  reverser  model  teBts 
indicate  that  the  reverse  thrust  design  goals  will 
be  met.  However,  control  of  reverse  gas  flow 
direction  and  distribution  is  expected  to  present 
problems  with  the  present  design,  in  which  the 
flow  must  exit  through  the  blow-in-doors.  The 
flow  angle  is  such  that  the  flow  could  attach  to 
the  engine  nacelle  ar.d  enter  the  engine  inlet. 

For  this  reason,  the  reverser  concept  is 
considered  to  Iks  a  Category  2  risk  item, 

6.2.0  Engine  Weight 

Boeing  docs  not  feel  qualified  to  make  a  detailed 
analysis  of  the  weight  of  the  JTF17A-21B  engino. 
There  exists  no  precedent  for  the  offered  nozzle- 
thrust  reverser  system. and  targeting  require¬ 


ments  to  avoid  ingestion  and  impingement  on 
aircraft  surfaces,  may  lead  to  a  weight  increase. 
There  is  reason  to  expect  a  weight  increase  In 
the  engine  fan/comprcssor  as  a  part  of  tlv  ci.'art 
to  achieve  the  required  steady  state  dlstoittc'. 
and  dynamic  distortion  tolerance. 

These  factors  classify  the  weight  of  the  JTF  17A- 
21B  os  a  Category  2  development  risk  item. 

6.2.7  Controls  and  Engine  Dynamics 
Based  on  the  analysis  available  at  this  time, 
there  arc  several  areas  of  concern  relative  to 
the  P£i\VA  control  concept. 

In  the  duct  heating  turbofan  cycle,  the  fan  Inlet 
airflow  responds  very  quickly  to  downstream 
duct  pressure  condi t'ona  because  pressure 
transients  downstream  of  the  fan  can  travel  up¬ 
stream,  through  the  fan.  For  this  reason, 
transients  due  to  duct  heater  Mghtoff,  duct 
heater  blowout,  changes  in  augmentation  level, 
and  normal  fuel  flow  transients,  can  cause  fan 
airflow  variations.  In  the  P6WA  engine  control 
system  these  airflow  transients  tend  to  be  damped 
during  duct  burning  by  the  variable  duct  nozzle, 
which  is  controlled  by  measurement  of  duct  air¬ 
flow.  This  flow  is  measured  by  a  pitot  tube 
located  downstream  ol  the  fan  and  upstream  of 
the  duct  burner.  The  purpose  of  the  measurement 
Is  to  keep  the  total  fan  Inlet  flow  constant  at  any 
power  setting  above  max  dry.  Several  aspects 
of  this  control  concept  are  of  concern: 

a.  The  pitot  tube  must  sense  total  to  static 
prcsFui-c  differences  accurately  in  a  stream 
flowing  at  around  Mach  0.5.  A  reliable  and  true 
indication  of  airflow  by  this  technique  is  a 
difficult  instrumentation  problem.  This  is  mainly 
due  to  the  effect  of  steady  state  and/or  dynamic 
changes  in  the  radial  or  circumferential  pres¬ 
sure  profiles  at  the  pitot  tube  (in  contrast  to 
pressure  changes  without  profile  shifts).  Such 
changes  could  originate  upstream  of  the  fan, 
within  the  fan  Itself  due  to  changes  in  oj>cratlng 
conditions,  or  from  internal  duct  pressure 
disturbances. 

b.  Becnuso  changes  In  fan  inlet  flow  will 
occur  ns  the  direct  result  of  the  duct  transients 
describ'd  nbovo,  the  HP  compressor  stall  msrgiA 
provided  In  design,  under  lx>th  distorted  and 
fluctuating  flow,  must  be  adequate.  However, 
there  are  no  provisions  in  this  engine  design  to 
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balance  the  load  between  the  fan  and  cempreaaor 
in  the  hub  flow  region  (such  aa  variable  atatore 
and  variable  primary  nozzle).  PfcWA  data  show 
that  a  duct  burner  blowout  will  cause  fan  stall, 
mainly  because  the  duct  pitot  tube  and  nozzle 
area  control  cannot  respond  fast  enough.  There 
arc  no  data  taken  either  on  the  fan  or  compres¬ 
sor  riga  to  date  which  ahow  that  this  compressor 
or  fan  design  can  tolerate  the  resultant  distur¬ 
bances  or  distortion. 

c.  In  the  event  of  sufficiently  large  duct 
pressure  transients  causing  more  than  a  four 
percent  increase  in  indicated  duct  airflow,  the 
present  control  automatically  shuta  off  the  duct 
fuel  flow.  An  airflow  transient  greater  than 
four  percent  will  result  In  a  duct  Heater  blow¬ 
out,  which  requires  a  shutdown  of  heater  fuel 
flow.  Tliis  fuel  flow  shutdown  is  essential 
because  an  uncontrolled  heater  relight  is 
unacceptable.  Only  a  controlled  relight  at 
minimum  fuel /air  ratio  produces  sufficiently 
small  airflow  transients.  Relight  at  high  fuel/ 


•!r  ratios  would  produce  unacceptable  airflow 
transient*. 

At  the  present  time,  the  PfcWA  dynamic  analysts 
procedures  are  not  sufficiently  complete  to  allow 
a  study  of  the  control  of  the  ducted  fan  cycle  la 
depth;  and  fan/comprcssor  component  test*  to 
determine  response  to  dynamic  pressure  dis¬ 
turbances  have  not  yet  been  performed.  Such 
work  is  planned  by  PfcWA  In  the  development  of 
the  JTF17A-21B  engine. 

Because  of  the  unknowns  regarding  the  control 
system  concept,  and  because  the  response  of  the 
engine  system  to  transient  disturbances  may,  to 
a  certain  degree,  be  fundamental  to  the  turbofan 
cycle,  Hoeing  believes  the  control  and  engine 
dynamics  represent  a  Category  3  development 
risk.  This  is  believed  to  be  true  until  sufficient 
component  and/or  engine  testing,  together  with 
detailed  mathematic  model  studies,  have  shown 
that  no  fundamental  problems  exist. 


V2-B2707-14 


41 


7.0  INSTALLATION  DIFrtRI.NCEfl 


The  installed  performance  of  the  engine  In  the 
airplane  depend*  upon  the  physical  position  of 
the  povvcrplant  with  respect  to  other  components 
as  well  as  the  interaction  of  the  engino  and  the 
airframe.  The  following  discussion  will  be 
devoted  to  differences  between  the  B-270T  (GE) 
and  B-2707  (P&WA)  with  respect  to  safety, 
maintainability,  life,  and  structure. 


Performance  comparisons  will  be  made  only 
when  a  significant  effect  upon  installed  perfor¬ 
mance  is  indicated  due  to  the  arrangement  or 
ooeration  of  the  citrine.  The  intent  is  to 
present  an  overall  comparison  of  the  two 

engines  as  a  functional  part  of  the  B-2707  air¬ 
plane. 


7. 1  PEVERSE  THRUST 

The  reverse  thrust  performance  1s  compared  on 
the  basis  of  normal  as  well  as  emergency  perfor¬ 
mance  margins.  The  first  is  related  to  airplane 
kinetic  energy  and  brake  life  while  the  second  can 
be  evaluated  primarily  in  terms  of  safety.  The 
GE  powered  airplane  is  superior  when  normal 
landing  conditions  prevail  due  to  the  greater 
amount  of  reverso  thrust  available  from  the 
engine.  The  comparison  of  the  amount  of  kinetic 
energy  reacted  by  four  engines  Is: 


GE  P4WA  a 

31.5  X  10°  ft— lb  19. 1  X  10®  ft-lb 


When  a  comparison  Is  made  based  on  a  landing 
where  the  brakes  have  completely  failed,  it  shows 
that  the  value  of  reverse  thrust  provided  by  tho 
General  Electric  engine  will  reduce  the  landing 
roll  by  800  It  more  tha  i  the  P&WA  engine.  This 
is  based  on  a  reverse  thrust  static  difference 
between  the  engines  of  approximately  10,000  lbs 
(reverse  thrust  for  the  Pratt  &  Whitney  Aircraft 
engine  is  14,0x0  lb  while  reverse  thrust  for  tho 
General  Electric  is  23,200  lb.  The  General 


Electric-powered  airplane  rolls  S,500  ft  under 
these  emergency  conditions,  while  the  PfcWA 
engine -powered  airplane  will  roll  C,300  ft  altar 
touchdown.  With  the  use  of  reverse  thrust  as 
well  as  the  brakes  for  a  normal  reaction  time 
from  the  pilot  and  average  runway  condition*,  a 
difference  in  landing  distance  of  100  ft  can  tx 
expected  as  shown  In  Fig.  7-1. 


The  efficiency  of  the  Installed  reverser  system 
is  greatly  Influenced  by  the  design  of  the  reverser- 
stabilizcr  region  where  a  portion  of  the  reverse 
flow  is  directed  forward  over  the  top  of  the 
stabilizer. 


Duo  to  the  more  forward  location  of  the  General 
Electric  engine,  the  position  of  the  reverser 
doors  on  top  of  the  stabilizer  tends  to  be 
xestrlctive  as  to  the  portion  of  the  periphery 
which  can  be  opened  to  allow  the  use  of  a  rever- 
scr.  The  P&WA  reverser  doors  arc  located  In  a 
more  rear  location  and  therefore  can  be  larger 
due  to  the  increase  in  nozzle  periphery  area 
available.  (See  Fig.  7-2  for  reverser  door 
locations.)  Although  this  accounts  for  only  3/11 
of  the  total  periphery,  it  is  the  flow  in  this  region 
of  the  airplane  which  is  the  most  effective  in  con¬ 
tributing  to  stopping.  This  Is  due  to  the  fact 
that  no  other  airplane  surfaces  or  ground  effect 
will  be  changing  the  alrplrne  drag  and  hence  the 
effective  reverse  thrust. 


7.2  SIZE  ANJD  SHAPE 


7.2, 1  Dimensions  and  Weight 
The  General  Electric  engine  is  installed  !n  a  pod 
which  1b  416  in.  long  and  weighs  14,312  lb,  while 
the  Pratt  &  Whitney  Aircraft  engino  is  installod 
In  a  pod  which  is  345  in.  long  and  weighs  13, 865 
lb.  The  difference  in  the  maximum  diameter 
between  these  two  pods  is  1.0  in.  (89  in.  for  the 
General  Electric  and  88  In.  diameter  for  the 
Pratt  &  Whitney  Aircraft  engine). 
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Preceding  Page  Blank 


AVERAGE  TIRE/GROUND  p 


Flgura  7-1.  Landing  Roll  Dhtonca 


Table  7-A  showe  several  significant  weight 
differences.  Part  of  the  weight  difference  of  the 
total  installation  is  due  to  the  engine  supporting 
structure. 


7. 2. 2  Horizontal  Stabilizer  Trough 
The  difference  in  pod  length  and  the  location  of 
the  reverser  doors  makes  the  trough  in  the  hori¬ 
zontal  stabilizer  upj>cr  surface  significantly 
different  in  the  two  Installations.  Due  to  the  more 
torward  location  of  the  General  Electric  engine,  it 
is  necessary  to  increase  the  angles  which  are 
part  of  the  rairli*g  between  the  nacelle  and  trailing 
edge  of  the  stabilizer.  Figure  7-3  shows  the 
angles  in  the  trough  region  above  the  nacelle.  It 
shows  that  tlw  trough  nngles  associated  with  the 
GE  Installation  urc  steeper  than  those  for  the 
PS/WA  engine  installation. 

**.2.3  Loads 

Duo  to  the  larger  size  of  tho  GE  powcrplant  pod, 
tho  aerodynamic  loads  oro  from  2  to  8  percent 


higher.  The  differences  in  sheer  loads  and 
moments  are  shown  in  Table:  7— It.  The  table  also 
shows  that  the  loads  due  to  engine  seizure  are 
much  greater  in  the  case  of  the  General  Electric 
engine. 


7.3  SAFETT 

7. 3. 1  Inlet  Protection 

Tho  probability  of  ii  gcstlon  of  foreign  material* 
thrown  by  the  landing  wheels  is  the  same  for  th* 
two  engines.  The  further  aft  location  of  the 
P6WA  pods  is  a  small  advantage  in  avoidanca 
of  ingestion  of  hard  objects,  Buch  as  rock*, 
concrete  fragments,  etc.,  and  a  small  disad¬ 
vantage  in  avoidance  of  water  and  ulush  spray. 
These  conditions  vary  with  rolling  speed  and 
quantity  of  foreign  material  on  the  runway.  n»* 
Inboard  and  outboard  flaps  provide  a  large  mea¬ 
sure  of  inlet  protection  for  both  engine  Installa¬ 
tions,  and  in  this  respect,  t.o  substantial 
litffcrcnce  between  tho  two  engine  types  exist*. 
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Tabic  7-A  Weights 


PliWA  LBS 

GE  LBS 

Inlei 

9,940 

6,200 

Diverter 

200 

100 

Cowl  and  door 

4, 160 

3380 

Engine  cowl  panels 

900 

1.3CO 

Aft  engine  cowl 

- 

000 

Table  7-B  Nacelle  Load a 


Resultant  Load  Acting  at  Engine  Pod,  C.O. 

P&WA 

Magnitude 

(Max) 

GE 

Magnitude 

(Max) 

Aerodynamic  sideload  on  entire  pod 

33.500  lb 

34,500  lb 

Moment  due  to  aero,  eidoload  on  entire  pod 

3390  ln-klpe 

3660  in  klpa 

Aerodynamic  vortical  load  on  entire  pod 

22, 300  lb 

23,000  lb 

Moment  duo  to  aero,  vortical  load  on  entire  pod 

2260  ln-klpe 

24401n-kJpa 

Poll  moment  duo  to  engine  seizure 

820  in-kips 

3370  in  kips 

Engine  mounting  system  loading 


7.3.2  Ingcatloa 

The  General  Electric  engine  has  a  better  capabi- 
llty  to  Ingest  forms  of  lee  which  the  airplane  may 
encounter.  The  Ccncral  Electric  engine  Is  guar¬ 
anteed  to  continue  to  run  after  Ingesting  3  in . 
diameter  hailstones  while  the  Pratt  &  Whitney 
engine  has  been  guaranteed  for  2  in.  diameter 
hail.  A  similar  difference  exists  when  comparing 
the  engine  manufacturers'  stated  capability  for 
lee  slab  Ingestion.  The  GE  engine  can  ingest  2 
in.  thick  slabs  while  the  P&WA  can  ingest  only 
1/2  in.  thick  slabs. 

7.3.3  Windmill  Power 

Tho  olrpiano  has  been  designed  to  provide  for 
control  In  ease  of  tho  simultaneous  failuro  of  all 
four  engines.  To  maintain  tills  control  a  mini¬ 
mum  horsepower  requirement  has  boon 
established  which  will  provide  for  actuation  of 
the  aerodynamic  control  surfaces  as  well  Bi 
emergency  subsystems. 


With  the  Pratt  &  Whitney  Aircraft  engine,  it  is 
possible  to  extract  GT>  hp  from  the  auxiliary  drive 
system  on  each  engine  while  It  Is  windnulling. 

TTiis  amount  of  power  Is  sufficient  to  provide  the 
emergency  power  required  to  control  the  airplane. 

Since  the  General  Electric  engine  cannot  deliver 
the  require  1  horsepower  while  windmilling,  a 
retractable  ram  air  turbine  will  be  installed  la 
the  whcol  v  ell. 

7.3,4  Rotating  Mo chlnery 
With  the  engines  pods  mounted  on  the  stabilizer, 
it  is  desirable  to  place  the  rotating  machinery*  at 
a  station  location  which  is  as  far  ait  as  possible 
and  thus  provide  no  interference  with  other  alr- 
plano  components  In  case  of  engine  failure.  The 
design  criteria  used  for  locating  the  engine  are 
such  that  In  tho  plane  of  the  rotating  machinery, 
there  will  bo  no  primary  system  elements  which 
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could  be  damaged  ia  caae  of  a  failure  of  the 
turbine  or  compreaeor. 

Ybe  location  of  the  rotating  machinery  In  the 
General  Electric  engine  installation  of  the  alr- 
plane  la  farther  forward  than  In  the  Pratt  fi 
Whitney  Aircraft  engine  installation.  Thla  for¬ 
ward  location  of  tho  inboard  engines  llxnlta  the 
storage  Lf  fuel  In  the  stabilizer  in  the  region 
above  the  compressor  of  the  GE  engine  aa  shown 
in  Fig.  7-4.  With  tho  farther  oft  tocation  of  the 
compressor  In  the  Pratt  and  Whitney  Aircraft 
engine,  it  ia  possible  to  use  additional  portions 
of  the  stabilizer  trailing  edge  for  tankage  and 
thus  increase  the  fuel  capacity  by  5028  lba. 

7.3.5  Fire  Protection 

The  possibility  of  an  engine  primary  combustor 
burnthrough  due  to  burner  can  falluro  is  reduced 
in  the  P&W'A  engine  compared  to  the  CE  engine, 
because  tho  primary  burner  is  surrounded  by 
the  low  pressure  engine  fnn  ducting  which  would 
block  and  contain  the  burnthrough. 

7.3.6  Mode  Selector 

The  greater  number  of  modes  will  roqulre  more 
attention  from  tho  flight  crew  of  tho  B-2707  (GE) 
airplane.  The  crew  attention  factor  is  compensa¬ 
ted  by  the  fact  that  in  the  P&WA  engine  it  is 
necessary  for  the  flight  crew  to  adjust  the  exhaust 
gas  temperature.  However,  this  adjustment  will 
be  made  Infrequently.  It  will  also  be  more 
difficult  to  provide  suitable  linkage  adjustments 
between  the  selector  valve  on  the  GE  engine  and 
the  control  on  the  flight  deck.  The  GE  selector 
valve  requires  the  ur.c  of  five  positions  and  an 
angular  travel  of  132  ,  while  the  P&WA  engine 
requires  only  three  positions  with  a  total  travel 
of  only  90  .  The  P&WA  selector  valve  has  more 
generous  allowances  for  the  deadband  at  each 
end  of  the  travel.  A  comparison  of  the  positions 
for  the  selector  valves  1b  shown  below. 


P&WA  GE 


Shutdown 

Run 

Secondary  Air 


W'lndmill  Brake 
Shutdown 
Descent 
Run 

Crulso  <i  Holding 


7  4  MAINTAINABILITY  AND  LIFE 
7.4.1  Accessories 

The  difference  between  the  two  engines  with 
respect  to  location  of  engine  mounted  acces¬ 
sories  mokes  the  accessories  on  the  General 
Electric  engine  operate  within  an  ambient  temp¬ 
erature  area  150  F  above  the  ;  mperature  at  the 
engine  mounted  accessories  on  the  Pratt  L 
Whitney  Aircraft  engine. 

To  partially  offset  the  more  severe  environment, 
the  accessories  on  the  GE  engine  have  been 
grouped  into  a  capsule  which  has  a  double  walled 
inner  surface  that  is  provided  with  a  supply  of 
cooling  air.  Additional  cooling  is  attained  from 
the  fuel  components  in  the  compartment.  Since 
the  accessories  on  Ihc  Pratt  &  Whitney  Aircraft 
engine  are  mounted  in  an  exposed  arrangement 
around  the  bypass  air  oud,  the  ambient  temper¬ 
ature  will  be  only  550'F.  This  makes  it  unneces¬ 
sary  to  provide  a  separate  cooling  compartment 
although  iucl  cooling  is  ui.ed  for  those  items  which 
are  especially  temperature  sensitive. 

The  location  of  the  augmentor  on  the  two  engines 
does  not  significantly  affect  the  temperature  of 
the  comi>oncnts  mounted  an  the  engine  compressor 
case.  The  P&WA  engine  depends  upon  duct  heat¬ 
ing  for  thrust  augmentation,  while  the  GE  engine 
depends  upon  the  afterburner.  Generally,  only 
small  quantities  of  augmentation  are  required 
during  cruise  flight  and  the  duct  heater  effectively 
provides  an  additional  layer  of  low  pressure 
cooling  air  between  the  main  burner  and  the  outer 
engine  case. 


There  1b  no  significant  difference  between  engines 
In  terms  of  maintainability.  This  is  due  to  the 
fact  that  the  pod  cowling  provides  the  cover  for 
the  capsule  on  Uic  General  Electric  engine.  To 
gain  access  to  either  engine  accessory  area  It  will 
be  ncc'  ««sary  to  oj>cn  the  cowl  panels.  The 
accessories  In  the  compartment  of  the  GE  engine 
arc  packaged  closer  together  and  require  add¬ 
itional  time  for  servicing.  The  package  concept 
will  preclude  the  use  of  more  than  one  mechanic 
at  a  time  working  on  accessories.  Distribution  of 
accessories  around  the  outtidc  of  the  P&WA  engine 
makes  it  possible  for  more  than  one 
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mechanic  to  work  oa  engine  accessories  simul¬ 
taneously. 

7.4.2  Accessibility 

The  inspection  of  the  PfcWA  engine  Interior 
through  hatches  will  require  more  lime  because 
of  the  concentric  duct  around  the  primary  com¬ 
pressor  case.  The  GE  engine  will  require  Ihe 
removal  of  only  a  single  cover  to  reach  the  some 
equivalent  point  within  the  engine. 


7.5  OPE  HA  TIO  K8 

The  number  of  controls  for  mode  selection  and 
thrust  control  sre  the  same  for  both  engines; 
however,  it  la  necessary  to  provide  a  manual 
trim  capability  in  the  Pratt  and  Whitney  Aircraft 
engine  to  compensate  for  exhaust  temperature  In¬ 
creases  with  engine  usage.  Since  both  engines 
have  instrumentation  whieh  provides  Information 
on  exhaust  gas  iim|>eralure»,  there  is  no  difference 
with  regard  to  number  of  flight  deck  displays  re¬ 
quired. 


8.0  MAINTAINABILITY,  RELIABILITY,  AND  SAFETY 


8.1  MAINTAINABILITY 

Maintainability  involves  the  evaluation  of  main¬ 
tenance  effort  and  maintenance  time.  Mainten¬ 
ance  effort  is  the  product  of  maintenance 
frequency. which  Is  primarily  a  function  of 
reliability, and  maintenance  manhours  which  la  a 
product  of  the  number  of  men  required  and  the 
time  required  to  accomplish  a  maintenance  task. 

This  evaluation  directs  iteelf  to  comparing  the 
expected  task  time  and  r  '  'r  of  men  required 

Table  8-A.  Maintainability  Features 


to  maintain  the  respective  engines  by  review  of 
the  designs  for  maintenance  features  and  com¬ 
paring  stated  objectives  by  both  manufacturers. 
This  review  does  not  emphaslre  the  frequency 
of  mrtntenance.  The  frequency  of  maintenance 
must  be  derived  by  the  reliability  evaluation. 


8. 1. 1  Engine  Comparison* 

A  comparison  of  GE4/Ji>P  and  JTF17A-21B  en¬ 
gines  is  presented  in  Table  8-A. 


Feature 


(1)  Maintenance  frequency 

(a)  Design  life  objectives 
with  repair 

Major  Cases 
Discs  and  Rotors 
Easily  replaceable  parts 
Compressor  blades 
Turbine  Blades 

Sheet  metal  and  wear  surfaces 

(b)  Unscheduled  maintenance  rato 

(c)  Inspection  frequency 
Hot  Section  Inspection 


(d)  TBO  Goals 


(2)  Maintenance  Manhour  Goals 
Unscheduled  Line 
Scheduled  Lino 
Repair  and  Overhaul 
Engine  Sections  (Typical) 

Remove  and  Replace 
Exhaust  Duct/Caae 

Front  Section  Assy  (Fan-P&WA) 
(Front  Framo  -  GE) 

Turbino  Rotor 

Combustor 


P&W  JTF17A-21B 

GE4/J5P 

50, 000  hours 

unlimited  with  repair 

20,000  hours 

36,000  hours 

10,000  hours 

18, 000  hours  min. 

12,000  hours  min. 

12,000  hours  min. 

.200/1000  E.H. 

.250/1000  E.H. 

5000  hours 

No  time  staled.  On- 

Also  on-airplane 

airplane  with  tore  scope 

borcscopc  provided 

5000  hours  in 

No  hours  stated. 

4  years  with  on- 

On-condition  objective 

condition  objective 

None  stated 

31.7  MMH/1000  E.H. 

None  stated 

118.3  MMH/1000  E.H. 

None  staled 

500.0  MMH/1000  E.H. 

0.5  Elapsed  hours 

1.9  Elapsed  hours 

18.0  Manhours 

4.9  Manhours 

3  Elapsed  hours 

4.2  Elapsed  hours 

5.0  Manhours 

10.0  Manhours 

9.5  Elapsed  hours 

9.5  F.lnpscd  tours 

31.0  Manhours 

20. 1  Manhours 

7.0  F.lopscu  hours 

9.0  Elapsed  hours 

21.5  Mnnho-:.s 

22.2  Manhours 

V2-B2707-14 


Table  B-A.  Maintainability  Features  (Concluded) 


Feature 

PliW  JTF17A-21B 

GE4/J&P 

(3)  Access IbUlty/Packaging  on-airplane 

Oil  and  Fuel  Filters  and  Screens 

GOOD 

GOOD 

Borescope  ports 

GOOD 

GOOD* 

Ignitors  and  Fxcitors 

FAIR 

GOOD 

Bearing  Replacement 

GOOD 

GOOD 

Engine  Components 

GOOD 

GOOD 

Compressor  blade  replacement 

FAIR 

FAIR 

Fuel  Houles  , 

FAIR 

GOOD 

(4)  Accessibility /Packaging 

Off-airplane 

Bearing  Replacement 

GOOD 

GOOD 

Compressor  Blade  Replacement 

FAIR 

GOOD 

Turbine  Stator  Vanea 

GOOD 

GOOD 

Turbine  Blade  Replacement 

FAIR 

GOOD 

Major  Sections 

FAIR 

GOOD* 

(5)  On-Condition  Maintenance 

Program 

AIDS  program 

FAIR 

GOOD 

Inspection 

FAIR 

GOOD 

(6)  Maintenance  Material  Coats 
(a)  Rework  capability 

GOOD 

GOOD* 

(h)  Dollars  /flight  houra 

Not  Stated 

Not  Staled 

8.1.2  Evaluation 

An  evaluation  of  tho  maintainability  features  for 
the  G1M/J5P  and  JTF17A-21B  engines  la  pre¬ 
sented  in  Table  8-B. 


Table  8-B.  Engine  Maintainability  Evaluation 


Evaluation  Item 

Total 

Points 

P&W 

JTF17A-21B 

GE4/J5P 

1,  Maintenance  Frequency 

P&WA  engine  has  lower  premature 
removal  rato  than  GE  engine,  GE'a 
dcolgn  life  goals  with  repair  are  higher 
by  a  factor  of  1.2  to  1.8  than  PfiWA. 

Tho  Indication  is  that  more  repair  will 
be  required  on  the  GE.  Inspection 
frequencies  aro  about  the  same  although 

GE  has  not  stated  a  HST  frequency.  Both 
manufacturers  nro  planning  on  on- 
condition  repair.  InnpccUon  frequencies 
will  have  to  be  established  to  support  this 
concept. 

10 

10 

8 

V2-R270T-14 


®~B.  Engine  MilnUlniblllqf  Evaluation  (Cnntlwml) 


Evaluation  Hem 

Total 

Points 

PLW 

JTF17A-21B 

GE4/J5P 

X.  Maintenance  Manhour  Coala 

I*4WA  has  not  provided  engine  maintenance 
manhour  goals.  GE  has  provided  MMH 
goals.  PLWA  and  GE  have  Loth  provided 
elapsed  time  and  maintenance  manhour 
goals  for  individual  engine  components. 

The  goats  provided  by  GE  appear  to  be 
optimistic.  PLWA  component  goals 
appear  realistic.  PLWA  was  reduced  5 
points  for  not  providing  total  engine  goals. 

15 

10 

15 

3.  Accesolbllity/Packaglng  On-Airplane 

PL  WA  components  have  been  packaged 
and  well  located  for  ease  of  removal. 

Pods  have  been  provided  to  hold  the 
heavy  engine  components  for  removal 
and  replacement*  GE  h s.r,  packaged 
most  engine  component  in  a  module 
thus  requiring  opening  oi  a  second 
cover.  The  components  In  the  module 
aro  difficult  to  remove  individually 
«rttli  the  modulo  on  the  cnglna.  The 
module  should  remove  easily. 

10 

10 

• 

4.  Accessibility /Packaging  Off-Airplane 

GE  has  modularized  tho  engine  for 
replacement  and  repair  of  major 
engine  sections  and  components  in 
tho  shop,  Tho  PLWA  engino  If 
much  tho  same  ns  present  PLWA 
engines  in  Its  modular  sectioning. 

The  GE  design  should  reduce  repair 
and  overhaul  time  conaidcrably  in 
comparison  to  PLWA  engine. 

30 

21 

30 

5.  On-Cordltion  Maintenance  Program 

GE  has  defined  on-condltlon  determination 
requirements,  and  incorjHiratcd  design 
features  to  facilitate  these  Inspection*. 

GF.'s  program  for  tho  aircraft  integrated 
data  system  development  is  well  thought 
out.  Test  parameters  and  test  point* 
aro  well  defined.  PL  WA  docs  not  hsv* 
as  good  a  program  and  docs  not  appear 
to  have  done  as  much  detailed  work  In 
cither  arcs  when  compared  to  GE. 

11 

IS 
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Table  8-B.  Engine  Maintainability  Evaluation  (Concluded) 


Evaluation  Item 

Total 

Points 

P&W 

JTF17A-21B 

CE 

GE-t/JSP 

6.  Maintenance  Material  Cost* 

Neither  engine  manufacturer  ha* 
provided  any  information  or  data  on 
maintenance  material  cost*.  la 
reviewing  both  engine*  for  feature* 
which  affect  this  cost,  it  1*  e»"  * 

that  GE  has  done  considerable  work 
to  provide  extra  strength  for  reworking 
frames,  blades,  sheet  metal,  etc.  & 

Is  noticeable  In  many  areas  that  P&WA 
has  actually  lightened  parts  and  section* 
over  previous  P&WA  engines,  thus  reducing 
the  rcworkabllity  of  the  engine. 

20 

3 

■ 

TOTAL 

(100  possible) 

65 

81 

8.1.3  Conclusions 

Vic  whig  the  two  engine  designs  from  a  pure 
maintainability  standpoint,  the  GK4/J5P  engine  la 
better  than  the  P&WA  JTK17A-21B  engine.  The 
maintenance  frequencies  do  not  appear  to  bo 
drastically  different.  The  on-airpinr.c  mainten¬ 
ance  effort  should  l>o  about  equal  except  for 
Internal  Inspections  and  onboard  capability.  The 
GE4/J5P  hnH  better  provisions  for  internal 
inspection.  The  onboard  monitoring  of  the 
engines  could  bo  brought  to  an  equal  capability 
during  design  and  was  not  considered  as  a  major 
discrepancy  on  the  part  of  the  P&WA  engine. 

The  major  difference  between  the  engines  is  seen 
in  the  otf-airplanc  repair  and  overhaul.  The 
GK1/J5P  is  superior  to  the  P&W  JTF17A-21B 
because  of  its  modular  construction  which 
should  result  In  a  lower  elapsed  time  and  cost 
for  repair  and  overhaul. 


8.2  RE  LIABILITY 
8. 2. 1  Basle  Engine  Design 
The  sections  of  both  engines  nre  evaluated  with 
respect  to  acceptable  life  capability  and  Infre¬ 
quent  failure  potential  (refer  to  Table  3-C). 

The  criteria  applied  Include  the  manufacturer’* 
experience  with  the  particular  design,  relative 


complexity,  and  use  of  design  features  which 
specifically  aid  reliability. 

Pratt  &  Whitney  Aircraft  has  the  benefit  of  sub¬ 
stantial  experience  meeting  the  high  reliability 
requirements  of  airline  engines,  while  the  GE 
military  engines  arc  produced  with  a  lower  reli¬ 
ability  factor.  Overall  the  two  offerings  are 
rated  olxHit  equal  on  basic  engine  design  consid¬ 
erations  (Table  8-C). 

8.  2.2  Reliability  Goals  and  Apportionments 
Pratt  and  Whitney  Aircraft  scores  higher  than 
GK  for  inflight  shutdown  and  augmentation  lose 
rates.  Premature  removal  rales  are  about 
equal.  Reliability  growth  also  favors  P&WA  for 
early  flight  and  mature  engine  goals.  The  time 
base  for  the  early  flight  goals  as  staled  is  not 
definite.  P&WA  gives  early  flight  goals  while  the 
GE  goals  are  for  lh<  cn:l  of  Phase  IU  development. 
However,  P&WA  Is  given  the  better  score  because 
the  cafly  goals  arc  much  higher. 

Evaluation  of  failure  rate  apportionment*  1* 
based  primarily  on  the  credibility  of  the  failure 
rates  staled  for  the  various  engine  component*, 
and  the  relative  magnitudes  offered  by  each  en¬ 
gine  producer  for  the  same  engine  section*. 
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The  overall  score  under  reliability  apportionment 
on  the  accompanying  Table  8-C  favors  CE  be¬ 
cause  of  better  recognition  of  the  difficulty  of 
radically  reducing  failures  as  demanded  by  SST 
system  reliability  with  such  severe  operating 
and  environmental  conditions.  The  higher  overall 
engine  failure  rate  offered  by  GE  is  compatible 
with  SST  system  reliability. 

8. 2. 2.1  UCt 

Evaluation  of  the  design  life  objectives  of  the  en¬ 
gine  sections  Is  based  on  the  magnitudes  of  the 
proposed  life  values  in  relation  to  the  severity  of 
the  respective  operating  conditions  and  environ¬ 
ments  o!  the  engine  auctions.  These  factors  are 
combined  with  the  relative  experience  of  pro¬ 
ducers  with  the  particular  types  of  components. 

The  scoring  appears  in  Tabic  8-C. 

8.2.3  Refbbillty  Program 
The  programs  of  the  two  engine  producers  are 
basically  equivalent,  lioth  employ  staff  organisa¬ 
tions  which  support  engineering  and  have  well 
defined  responsibilities.  The  GE  program  activity 
is  more  extensive  and  makes  use  of  sophisticated 
tools  awl  procedures.  The  PtiV  program  directs 
emphasis  to  areas  known  to  have  the  greatest 
eifeets  on  engine  problems  in  commercial 
service.  Training  is  emphasized  in  both  pro¬ 
grams. 

pj \V  experience  in  acUvitles  to  attain  the  high 
reliability  levels  demanded  by  commercial  air¬ 
lines  should  aid  the  conduct  of  an  effective  relia¬ 
bility  program-.  The  GE  program  activity  muiit 
undergo  rc-orientatlon  from  military  to  commer¬ 
cial  environment. 

Test  planring,  monitoring,  and  data  feedback  is 
systematically  and  effec  tively  planned  by  both 
companies.  Cumiuiterized  nlorrgo  and  retrieval 
of  historical  reliability  data  appears  equivalent 
in  both  programs.  Both  companies  exhibit  con- 
strut  tlvc  altitudes  ttiward  the  potenllal  reliability 
problems  In  their  proposed  engines. 

P.2.4  Reliability  Evaluation  Summary 
The  ovr  rail  score  In  Tabic  9-C  favors  P&WA. 

The  first  componcr.l  of  the  total  score,  Bnslo 
Engine  Design,  represents  capability  of  the  basic 
engine  to  nch'eve  life  and  rcHr.billtv  goals  with 
respect  to  manufacturer's  experience,  relative 
engine  complexity  and  use  of  design  features 


specifically  to  aid  reliability.  Pratt  and  WhiUwjr 
Aircraft  is  slightly  favored.  The  aecond  area. 
Reliability  Goala  and  Apportionments,  reflect*  the 
magnitude  and  credibility  of  established  failure 
frequency  goals.  Pratt  and  WhJtney  Aircraft  re¬ 
ceives  26  points  to  GE's  19.  The  third  scorinf 
component.  Life,  deals  with  the  respective  mag¬ 
nitudes  of  the  proposed  life  goals  In  the  light  of 
severity  of  operating  conditions  in  the  various 
engine  sections.  The  P&WA  score  Is  12  to  10 
for  GE.  The  final  area  of  scoring  ts  the  esti¬ 
mated  effectiveness  of  two  reliability  programs 
In  Increasing  the  reliability  of  the  engine  ulti- 
mate'y  produced.  Here  the  companies  recelv# 
equal  scoring. 

8.3  SAFETY 

8.3.1  Engine  Rotating  Machinery  Safety 
The  General  Electric  and  Pratt  &  Whitney  Air¬ 
craft  engines  prey  sed  for  the  SST  airplane  both 
require  containment  within  the  engine  case  of 
failed  compressor  and  turbine  blades,  stator, 
and  guide  required  by  FAR  33,19.  The 
fan  duct  on  the  P&WA  engine  provides  greater 
Inherent  energy  absorption  mass  than  Is  pro¬ 
vided  wllh  the  GE  turbojet  engine.  The  fan  Aict 
provides  an  added  protection  against  compressor 
nr.d  turbine  disc  failures  which  is  not  part  of 
the  turbojet  engine.  This  is  not  true  in  the  fan 
section  where  the  fan  blades  extend  to  the  engine 
outer  case. 

The  P&WA  engine  is  shorter  than  the  GE  engine. 
On  the  n-2707  airplane,  the  shorter  P&WA  engine 
has  an  advantage  In  placement  which  results  In  a 
better  placement  of  rotating  machinery.  Both 
engines  arc  located  with  the  aft  end  of  the  exhaust 
nozzle  50  In.  aft  of  the  horizontal  stabilizer 
trailing  edge.  This  places  the  routing  machinery 
on  the  J'&WA  engine  aft  of  the  main  fuel  tanks. 

To  obtain  the  same  routing  machinery  location 
for  the  GE  engine  would  result  In  a  weight  and 
balance  penalty, 

b.  3.  2  Engine  Fire  Safety 

The  P&WA  fan  engino  has  throe  Inherent  fire 

safety  ndvanUges: 

(1)  The  engine  case  temperatures  at  the 
aft  end  of  the  engine  cavity  are  300°F  Vss  at 
supersonic  cruise.  This  reduces  the  /ity 
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Table  (J-C.  Reliability  Evaluation  Summary 


GE 

PfcWA 

BASIC  ENGINE  DESIGN  (35  Points) 

Compressor  (and  Fan) 

4 

3 

Combustor 

5 

4 

Turbine 

3 

4 

Augmentation 

2 

5 

Exhaust  Nozzle  fc  Reverser 

3 

3 

Accessories  6  Controls 

5 

4 

Bearings  It  Seale 

5 

4 

Subtotal 

29 

31 

REUARIUTY  GOAIJi  &  APPORTIONMENTS  (30  Points) 

Overall  Engine  —-Inflight  Shutdown  Rate 

1 

3 

Augmentation  Loss  H-te 

1 

3 

Premature  Removal  Rate 

2 

3 

Growth  —  Early  Flight  Goals 

1 

3 

Mature  Engine  Goals 

1 

3 

Apportionment  —  Compressor  (and  Fan) 

2 

2 

Combustor 

2 

1 

Turbine 

2 

2 

Augmentation 

2 

2 

Exhaust  Nozzle  &  Reverser 

1 

2 

Accessories  &  Controls 

2 

1 

Bearings  L  Seals 

2 

1 

V  Subtotal 

19 

_ 2L_ 

LIFE  (15  Points) 

Compressor  (and  Fan) 

1 

2 

Combustor 

1 

2 

Turbine 

2 

1 

Augmentation 

1 

2 

Exhaust  Nozzle  L  Reverser 

2 

1 

Accessories  L  Controls 

2 

2 

nearlngs  t  Seals 

1 

2 

Subtotal 

10 

12 

RELIABILITY  PROGRAM  ELEMENTS  (20  Points) 

Organization 

2 

2 

Integration  with  Design  Engineering 

2 

2 

Experience 

1 

2 

Coordination  with  Airframe  Contractor 

2 

Test  Planning,  Monitoring,  Data  Feedback 

2 

2 

Historical  Data  System 

2 

2 

Prediction  Analysis  Methods 

2 

1 

Failure  Mode  and  Effect  Analyses 

I 

2 

Facilities 

2 

1 

Attitude  Toward  Potential  Problems 

2 

2 

Subtotal 

18 

18 

TOTAL  SCORE 

76 

87 
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-rr  temperature  and  reduce*  the  possibility  of 
spontaneous  ignition  of  hicl  from  a  ruptured  line. 


(2)  The  air  flow  through  the  cavity  on  the 
PfcWA  fan  la  lean  because  there  la  no  variable 
stator  leakage  Into  the  cavity  as  there  la  on  the 
CE  turbojet.  Thla  reduces  the  amount  of  air 
available  to  support  combustion. 


(3)  The  PfcWA  fan  ia  not  as  susceptible  to 
engine  else  burn  through  from  the  primary  com¬ 
bustor  aa  the  GE  turbojet  becauae  the  fan  duct 
and  fan  duct  air  flow  provide  a  barrier.  There 
la.  however,  no  equivalent  barrier  for  the  duct 
heater  combustor  which  la  aimllar  In  dealga 
to  the  primary  combustor.  Since  the  PfiWA 
engine  uses  the  duct  heater  throughout  moct  of 
the  flight,  the  advantage  may  be  In  reck) cod  flame 
pressure  of  a  burn  through. 


I 
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9.0  DEVELOPMENT  PLAN.  SCHEDULES.  AND  FACILITIES 


The  engine  development  tent  plan  of  each  manu¬ 
facturer  was  reviewed  In  terms  of  (polity  and 
quantity  of  testing,  especially  engine  endurance 
testing. 

General  Electric’*  development  test  program  Is 
supported  by  a  detailed  breakdown  of  the  various 
teats  and  schedules  planned.  Endurance  testing 
throughout  the  entire  program  has  been  empha¬ 
sized,  with  testing  oriented  about  the  SST 
mission  profile  conditions. 

Prntt  and  Whitney  Aircraft  plans  a  program  which 
Is  based  on  experience  gained  from  past  programs, 
especially  the  J59  engine.  An  extensive  and  de¬ 
tailed  component  test  program  Is  planned.  The 
engine  test  program  parallels  General  Electric's 
but  offers  less  test  hours  by  engine  certification 
date.  Endurance  testing  la  planned  with  various 
tyj«ca  of  endurance  tests  defined.  However  a 
summary  of  the  endurance  test  hours  or  schedule 
was  not  given. 

0. 1  IJKVEIjOPMENT  TEST  SCHEDULE 
General  Electric  plans  a  component  test  program 
of  over  300,000  hours,  which  includes  90,000 
hours  of  testing  on  main  englno  components  and 
215,000  hours  of  testing  on  controls  nnd  acces¬ 
sories  components,  subsystems  and  systems. 

The  engine  development  test  plan  (shown  in 
Fig.  0-1)  will  use  29  engines  to  provide  25,000 
hours  of  testing  by  aircraft  certification  In  mld- 
1974.  Three  of  theno  engines  will  be  run  In  the 
A  EDO  facility  nnd  will  accumulate  750  hours  of 
testing.  An  additional  12.000  to  20,000  engine 
hours  will  be  accumulated  during  prototype  Light 
testing. 

Pratt  and  Whitney  Aircraft  poms  n  component  test 
program  of  over  2-10,000  hours,  which  Includes 
'jO.ono  hours  of  tenting  on  main  englno  compo¬ 
nents  and  ir.0.000  hours  on  controls  nnd  acces¬ 
sories  components,  subsystems  and  systems. 

The  engine  development  test  plan  will  use  15 
engirt -s  to  provide  14,500  hour*  of  testing  by 
engine  type  certification  In  mld-1971  and  Is  shown 


it  rr*Z> 

in  Pig.  9-2.  An  additional  fl&rOOO-hours  will  be 
accumulated  by  mld-1974,  airplane  certificattosu 

A  comparison  of  the  significant  milestones  and 
test  hours  of  each  engine  test  plan  is  shown  In 
Table  9-A. 

Boeing  considers  the  GE  program  to  bo  adequate 
for  both  component  and  engine  development  test¬ 
ing.  Endurance  testing  is  well  stressed  during 
their  program. 

Boeing  considers  the  Pratt  and  Whitney  Aircraft 
program  to  be  adequate  for  total  component  test¬ 
ing.  The  cumulative  engine  test  hours  at  englns 
type  certification  is  14,500  hours  and  the  PI»WA 
JTF17A-21B  engine  will  be  certificated  12  months 
earlier. 

9.2  ENDURANCE 

Cenera!  Electric  plans  extensive  engine  endurance 
testing.  Over  20. 000  hr  of  endurance  testing  In¬ 
cludes:  certification  endurance  (1,000  hr);  accel¬ 
erated  cyclic  endurance  (4,000  hr);  accelerated 
service  endurance  (8,000  hr);  accelerated  margin 
endurance  (1,850  hr);  and  simulated  service  en¬ 
durance  (6, 000  hr).  These  testa  span  the  entire 
engine  development  program  and  encompass  most 
of  the  test  engines  from  early  In  the  program 
through  nlrplano  certification. 

During  this  tcBt  period,  It  Is  planned  to  accumu¬ 
late  high  run  times  on  Individual  engines.  Under 
the  accelerated  nnd  simulated  service  endurance 
test  programs.  General  Electric  plans  to  run  flvs 
engines  to  1,000  hr  by  engine  certification  and 
six  engines  to  2,000  hr  by  airplane  ccrti.Jcation. 

Pratt  and  Whitney  Aircraft  plans  an  engine  en¬ 
durance  program  which  includes  the  following 
type  tests: 

s  Typical  SST  mission  cycle  endurance 
•  Low  cycle  fatigue  tcsilng  of  turbine  airfoils 
s  Thermal  fatigue  cycle  tcsilng  of  rotating  parts 
«>  Company  FTS  endurance 
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Tabts  9-A  .  Engine  Test  PSan  Comparison 


Might  Test 
Status  (FTS) 

Engine  Type 
Certification 

Airplane 

Certification 

General  Electric 

’""(Mi  cl -196  9} 

(Mid -1972) 

( Mid- 197 4) 

Total  teat  hour* 

4,500 

17,100 

25,000 

Heated  inlet  hour* 

1,000 

8,000 

13,090 

dated  turbine  Inlet 
temperature  hour* 

1,850 

9, 360 

14,450 

Total  endurance  test  hour* 

1,950 

12,500 

19,650 

Pratt  &  Whitney  Aircraft 

(f*id-1969) 

(Mld-1971) 

(MU-1974) 

Total  test  hour* 

4,090 

14,500 

Heated  itJet  hour* 

2.000 

7,250 

13,760 

Rated  tut  bine  inlet 
temperature  hours 

2,400 

8.200 

16.500 

Total  endurance  test  hour* 

1,175 

2,690 

_ 

9.3  FACILITIES 

General  Electric  ^'.nns  to  use  seven  engine  test 
cells  located  at  Evendale,  Ohio,  to  conduct  their 
factory  development  program.  Two  of  the  teat 
cells  will  be  new  ram-altltude  cells  to  bo  con¬ 
structed  and  ready  for  operation  by  January  1, 
19(13.  An  outdoor  facility  at  Peebles,  Ohio,  will 
be  used  for  reverscr  and  noise  suppressor  de¬ 
velopment  and  all-weather  testing.  The  facilities 
at  AEDC  will  bo  used  tor  guaranteed  performance 
demonstrations  und  to  conduct  the  inlet/engine 
compatibility  test  program*. 

Pratt  and  Whitney  Aircraft  plans  to  use  ten  en¬ 
gine  tc^t  cells  to  conduct  their  factory  develop¬ 
ment  program.  Three  of  these  cells  presently 
exist;  the  others  will  be  available  during  the 
period  19G7-I3G9.  Pratt  and  Whitney  Aircraft 
will  use  the  A  EDC  facility  to  conduct  the  Inlet/ 
engine  compatibility  test  program.  For  demon¬ 
strating  guaranteed  performance,  P&WA  plans 
to  use  their  own  altitude  facilities. 

P  <cing  considers  that  GE  and  P6WA  have  pro¬ 
vided  adequate  engine  test  facilities  to  accom¬ 
plish  their  test  programs. 

9.4  ENGINE  DELIVERY  SCHEDULES 
Figure  9-3  shown  the  engine  delivery  schedules 
for  each  engine.  Included  in  the  schedules  are 


the  feur  engines  required  to  support  the  AEDC 
tests  and  the  Boeing  propulsion  system  ground 
rig  test  program.  The  following  schedule* 
are  in  ccnroaance  with  the  SST  flight  test  program: 

a.  Gc:u  ■  -.1  Electric 

General  Electric  has  given  iUtr,  .  -livery  dates 
for  four  ground  test  engines  with  first  shipping 
date  in  October  1968  and  for  sixteen  prototype 
flight  status  engines  with  first  shipping  in  July 
1969.  The  first  four  prototype  engines  will  not 
be  flight  qualified  engines,  but  will  be  modified 
as  necessary  by  GE  after  the  completion  of 
their  flight  qualification  tests.  Therefore,  the 
first  flight  qualified  engines  will  not  be  delivered 
until  September  1969. 

General  Electric  plans  to  have  feur  type  cerfi- 
lied  production  enginrs  available  by  September 
1972. 

b.  Pratt  and  Whitney  Aircraft 

Pratt  and  Whitney  Aircraft  has  given  firm  de¬ 
livery  dates  for  four  ground  test  engines  with 
first  shipping  date  in  October  19G9  and  for  six¬ 
teen  prototype  flight  status  engines  with  first 
shipping  in  July  1969.  Alt  prototype  engine* 
will  be  flight  qualified  upon  delivery.  Four  type 
certified  production  engines  wilt  bo  available 
in  June  1972. 
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A  1.0  INTRODUCTION 


This  appendix  contains  a  technical  evaluation  of 
the  component  performance  and  mechanical 
design  for  the  two  SST  engine  offering*.  Also, 
consideration  was  given  to  the  propose  control 
systems,  eiglnc-lnlet  compatibility,  and 
dynamic  interactions  of  the  overall  propulsion 
system. 

This  evaluation  Is  based  on  Information  from 
the  two  engine  manufacturers  throughout  the  SST 
Program.  The  most  specific  and  recent  Infor¬ 
mation  was  obtained  during  a  visit  by  Boeing 
representatives  to  the  manufacturers'  plants  In 
mid -July,  and  from  preliminary  draft  copies  of 
jiufts  of  the  Phase  1I-C  engine  proposal 
documents. 

In  general,  the  propulsion  system  and  compo¬ 
nents  for  the  SST  represent  an  advance  In  tech¬ 
nology  over  present  flight  propulsion  systems. 
Because  of  this,  each  component  of  the  engine 
represents  a  development  risk  to  some  degree  , 
awl  each  component  considered  was  placed  in 
one  of  the  three  risk  categories  defined  below. 
Briefly,  component/system  performance,  life, 
complexity.  ar.d  weight  were  considered  in 
placing  that  Item  in  a  risk  category.  The 
Judgement  factors  used  were  as  follow: 

Design  goals 

Demonstrated  performance 

Past  experience 

Technical  capability 

Design  approach 

In  some  instances,  component  design  and 
performance  was.  when  measured  against 
today's  demonstrated  technology,  of  such  a  low 
risk  as  to  not  warrant  being  placed  in  one  of  the 
three  major  risk  categories;  l.c. .  a  normal 
development  program  should  ensure  specified 
performance. 


The  risk  categories  are: 

a.  Category  1  — The  component  or  design 
has  some  questionable  aspects  at  this  time. 
Some  problems  are  foreseen,  and  an  above 
average  success,  in  a  well-run  development 
program,  will  be  required  to  accomplish  the 
design  goals.  These  performance  goals  will 
probably  be  reached. 

The  SST  Program  Implications  are: 

Increased  deve’opment  program  costs 
Reduced  parts  life 
More  complexity 
Minor  program  delays 

b.  Category  2  — A  component  placed  in 
Category  2  suffers  the  same  risk  as  Category  1, 
but  to  a  higher  degree.  Moreover,  additional 
program  implications  are  present,  especially 

if  the  goals  are  not  reached.  Oulte  possibly, 
not  all  goals  will  be  reached,  particularly  In 
early  commercial  service. 

The  SST  Program  implications  (additional  to 
Category  1)  are: 

Payload-range  decrement 
Increased  DOC 
Increased  program  delays 

c.  Ca’cgory  3  — A  Category  3  Item  Is  one 
which  Is  a  risk  Item  as  in  (1)  and  (2)  above,  but 
has  the  potential  of  significantly  affecting  tht 
overall  program.  The  attainment  of  specif  hid 
goals  and  performance  Is  doubtful. 

The  SST  Program  implications  (additional  to 
Category  1  and  2)  are: 

Major  program  delay 
Major  program  redirection 
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ELECTRIC  GE  4/JSP  ENGINE 


A2.0  GENEFUL 

A2.1  COMPRESSOR 
The  nine-stage  GE4  compressor  Is  designed  for 
a  12. :i  to  1  pressure  ratio  and  a  mass  flow  of 
>120  Ib/sec.  The  1GV  and  first  stator  are 
variable  to  Improve  performance  during  low 
inlet  total  temperature  operation.  Stators  4 
through  8  arc  variable  to  Improve  performance 
during  high  inlet  total  temperature  operation, 
and  permit  engine-inlet  airflow  matching. 

The  last  stator  is  used  ns  an  aerodynamic  brake. 
General  Electric  describes  the  compressor  as  a 
lightly  loaded  design. 

Performance  data  available  to  substantiate  the 
nine-stage  design  is  from  the  eight-stage  SST 
demonstration  compressor  designed  for  175 
Ib/sec  mass  flow  and  a  pressure  ratio  of  9.5  to 
1.  Tabic  A-A  summe: izos  the  performance 
measured  on  the  eight-stage  compressor,  in 
terms  of  demonstrator  design  goals,  and 
measured  test  results. 

The  points  shown  as  SI.TO  and  CRUISE  are  RPM 
points  similar  to  those  conditions  In  the  final 
engine.  Both  flow  rate  and  pressure  ratio 
exceeded  design  values  at  100  percent  design 
RPM.  In  addition  to  the  performance  tests  • 
series  of  distortion  tests  arc  being  run  and 
some  data  arc  available  at  the  present  time.  The 
data  currently  available  for  three  corrected 
engine  rotation  speeds  Is  shown  In  Fig.  3 -14a, 
page  3-17,  of  General  Electric's  Volume  HI  A 
proposal.  Hub  radial  distortion  up  to  39.8 
percent  Ptmax  -Ptmln  was  tolerated  with  no 

jp 

tave 

change  in  stall  margin  and  only  slight  decreases 
(almut  2  percent)  In  flow.  The  data  for  tip  radial 
distortion  are  not  available  at  this  time,  but 
General  Electric  hns  stated  that  Improvement 
In  tolerance  of  tip  radial  dl.-tortion  will  be 
designed  Into  the  nine-stage  compressor. 

The  basic  reason  for  changing  from  an  eight- 
stage  compressor  to  a  nine-stage  compressor 
is  to  Increase  the  design  flow  from  475  Ib/sec 
to  fi20  lb/sec.  The  pressure  ratio  overall  has 


been  raised  to  12.3  to  1,  but  the  stage  loading 
has  been  decreased.  Figs.  3-3a  and  3 -3c  of 
Volume  111  C  show  pressure  ratio  and  work 
coefficient  per  stage  and  give  some  Indication 
of  the  decreased  loading.  A  picture  of  loading 
is  given  by  the  Diffusion  Factor  (Ref.  NASA  RM 
ESADOl).  An  examination  of  the  relative 
diffusion  factor  levels  between  the  eight-  and 
nine-stage  compressor  has  verified  that  loading 
has  been  reduced  in  every  blade  row  except  the 
last  Btator,  which  remained  unchanged.  Tho 
lower  blade  loading  is  estimated  to  allow  stall 
margins  to  be  increased  and  moke  the  GE4 
goals  of  18  percent  margin  at  BLTO  and  30 
percent  margJn  at  CRUISE  become  reasonably 
attainable.  The  blade  aspect  ratios  versus  hub- 
tip  ratio  have  been  estimated  bv  Boeing  and 
plotted  in  Fig.  A-l.  An  increase  in  aspect  ratio 
In  the  first  rotor  from  about  1.3  to  2.9  is  noted. 
This  change  can  adversely  affect  compressor 
distortion  tolerance.  However,  this  aspect  r^tio 
is  still  less  than  f  at  for  the  first  rotor  of  the  J9S 
compressor.  An  increase  in  mechanical  tip  speed 
has  also  been  made  from  1180  fps  to  1310  fps  in 
the  nine-stage  compressor. 


General  Electric  is  planning  to  run  tests  to 
determine  the  sensitivity  of  the  nine -stage 
compressor  to  turbulence  early  In  19G7.  These 
tests  will  be  similar  to  those  conducted  recently 
by  GE  and  AEDC  using  a  J93  engine. 

In  summation,  the  demonstrated  test  results 
and  lack  of  known  mechanical  design  problems 
Indicate  that  the  compressor  performance 
closely  approximates  the  design  goals.  The 
distortion  test  results  reported  to  date  on  the 
eight-stage  demonstrator  compressor,  and  the 
attention  being  paid  to  both  steady  state  and 
dynamic  distortion,  are  indications  that  distor¬ 
tion  problems  will  likely  be  minimized.  la 
addition,  the  Inherent  flexibility  of  a  variable 
geometry  design  allows  significant  changes  in 
compressor  performance  without  redesign  of 
the  compressor  should  problems  nrlse.  Overall, 
the  GE  compressor  Is  not  considered  to  be  a 
major  development  risk. 
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HUB/TIP  RATIO 

Figaro  A-?.  FilfmifW  Atpoet  Hallo*  Vorto*  Hvl/Tlp  Ratio  .  C£4 
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Al.l  MAIN  BURNER 

The  main  burner  proposed  by  Gereral  Electric 
Is  of  annular  design,  similar  to  the  burner  used 
in  the  J-#5,  T-64,  T-58,  GE-1,  TF-39,  and 
J-9?  engines.  Figure  A-2  shows  a  comparison 
of  the  volumetric  or  space  heat  release  rate 
for  many  engines.  On  the  basis  of  this  compari¬ 
son,  the  space  heat  release  rate  is  high,  but 
not  outside  the  expected  growth  possible  f?y 
burners  of  this  design. 


Because  heat  release  is  reaction-rate  limited, 
another  parameter  for  evaluating  gas  turbine 
combustors  is: 


iupi  now 


(combustor  volume)  X  (pressure) 
with  units  of  BtuAr-ft3-atm1,8, 


The  corresponding  value  of  this  criterion  for 
the  GE4/JSP  during  Mach  2.7  cruise  at  65,000 
ft  is  1.25  by  10°.  A  limited  survey  shows  this 
vrlue  to  be  conservative  for -airplane  oombustors 
a  A  should  provide  margin  for  future  growth. 

The  combustor  thermal  efficiency  goal  of  88.76 
percent  is  a  nominal  advance  over  present 
engines.  The  trend  curve  shown  in  Fig,  A-6 
indicates  that  the  GE  combustor  pressure, 
temperature,  and  reference  velocity  are  such 
that  high  combustion  efficiency  values  should  be 
expected.  Where  heat  release  Is  reaction  rate 
limited  as  in  this  design,  combustion  efficiency 
can  be  correlated  with  the  parameter 

»  ■ 

W. 


Figure  A-2.  Botnet  Volumetric  Meet  Roto* to  Roto  -  Comport s on  of  Engine  M odolt 
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COMBUSTOR 

EFFICIENCY 

(PERCENT! 


COAL 

•  CE4  MAIN  BURNER 

*  J-M  MAIN  BURNER 
O  GE4  AUG?  CRUISE 


Flgur •  A-J.  Com  Bui  tor  Efheloncy  Trottd 


as  shc.vn  In  Fig.  A-4  for  developed  annular 
combustors.  It  can  bo  further  shown  that  lean 
blowout  occurs  at  the  value  of  9  where  the  curve 
becomes  vertical.  Figure  A-4  shows  9  values 
for  tho  QE  main  combustor  for  various  flight 
conditions* 

Burner  rig  testing  at  full-acalo  entry  tempera¬ 
ture,  temperature  rise,  and  reference  velocity 
has  been  conducted.  Tho  ono  atmosphere  goal 


efficiency  value  was  exceeded  on  this  test  r!g, 
but  full  cruise  pressure  testing  has  not  been 
reported. 

Tho  design  pattern  factor  is  0.20,  and  is  con¬ 
sidered  to  be  a  reasonable  goal.  The  J-93  SST 
demonstrator  engine  has  obtained  test  values  of 
0. 1C,  while  the  TF-30  has  demonstrated  a  value 
of  0.22.  The  lemperaturo  profile  from  rig 
testing  shows  a  hot  spot  of  around  100*F  above 
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the  desired  value  at  30  percent  turbine  blade 
height.  This  represents  a  design  problem,  con¬ 
sidering  the  temperature  profile  effects  on  tur¬ 
bine  blade  stress,  temperature,  and  life. 

Burner  rig  aerodynamic  distortion  tests,  with 
both  radial  and  annular  distortion,  have  been 
completed  and  have  shown  both  good  distortion 
tolerance  and  attenuation  results. 

Figure  A-5  presents  typical  operating  values  of 
reference  Mach  number  and  pressure  loss  for 
annular  aircraft-engine  combustors.  The  design 
values  at  SLTO  and  Mach  2.7  cruise  are  shown 
for  the  GE  burner.  The  figure  indicates  that  the 
design  is  conservative  with  regard  to  pressure 
loss. 

Liner  metal  temperatures  are  stated  to  be  less 
than  1,500*F,  with  the  cooling  method  proposed. 
From  stress-rupture  considerations,  a  metal 
temjjeraiure  of  1,500*F  appears  to  be  die 
maximum  value  compatible  with  a  long-life 
(10,000  hours)  design.  To  achieve  this  tempera¬ 
ture  level,  at  the  elevated  turbine  Inlet  tempera¬ 
tures  proposed,  a  considerable  improvement  in 
liner  cooling  technique  over  current  practice  is 
required. 

Of  equal  importance  to  the  metal  temperature  are 
low  metal  temperature  gradients.  The  tempera¬ 
ture  gradients  shown  by  GE  resulting  from  their 
test  program  are  considerably  lower  than  for 
the  CJ805. 

Mechanical  design  problems  Include  welding 
across  brazed  Joints,  and  the  potential  problem 
of  rivets  in  the  aft  section  of  the  burner 
separating  and  causing  foreign  object  damage  In 
the  turbine. 

In  summary,  the  space  heat  release  rates  and 
efficiencies  appear  achievable  but  the  exit 
temperature  profiles  will  require  further 
development.  Overall,  the  GE  main  burner  Is 
not  considered  to  be  in  one  of  the  major  develop¬ 
ment  risk  categories. 

A2.3  TURBINE 

A2.3.1  Ac rodynamlc  Performance 
The  GE-i  engine  employs  a  two-stago  turbine 
with  conventional  frcc-vortex  radial  aerodynamic 
loading  distribution.  The  turbine  aerodynamic 


design  is  summarized  In  Tabic  A-B,  where 
variables  which  approach  severe  design  values 
have  been  circled  for  emphasis. 

This  turbine  is  a  conservative  aerodynamic 
design  in  the  sense  that  all  variables  are  within 
established  ranges  used  by  turbine  designers. 

The  design  offers  flexibility  to  extract  more  work 
from  the  same  number  of  stages  at  a  small 
efficiency  penalty,  should  a  problem  In  another 
area  in  the  engine  establish  the  need  for  more 
work  extraction. 

The  value  of  overall  adiabatic  efficiency  quoted 
by  GE  is  compared  to  other  turbines  on  Fig.  A-d 
as  a  function  of  wheelspeed-loading  parameter, 
which  is  a  form  of  Parson's  number. 

The  GE  experience  curve,  from  which  the  base 
value  of  efficiency  for  the  GE  turbine  was 
obtained,  is  seen  to  be  substantiated  by  test 
values  for  existing  designs.  The  adjustments 
which  GE  used  to  get  from  the  base  value  to  the 
GE  design  value  are  also  reasonable. 

GE  presents  a  retailed  accounting  for  adverse 
effects  of  the  cooling  flow  (including  pumping 
work  and  m being  loss),  balanced  by  the  favorable 
effects  (including  boundary  layer  changes  and 
increased  mass  flow  to  downstream  stages), 
which  appears  to  Justify  the  small  penalty  for 
the  introduction  of  the  cooling  flow. 

A2.3.2  Turbine  Life 

The  GE4  turbine  employs  astroloy  discs  with  a 
design  ultimate  life,  with  repair,  of  36,000  hours 
and  Itcnc'  69  blades  with  an  ultimate  life  with 
repair  of  12,000  hours.  The  discs  are  burst 
limited  and  therefore  have  a  long  low  cycle 
fatigue  life.  The  blades  are  creep  limited. 

Care  must  be  token  in  the  fabrication  of  forged 
Astroloy  discs  to  avoid  undesirable  low  trans¬ 
verse  ductility'.  GE  is  developing  techniques  In 
conjunction  with  their  suppliers  to  enable  them 
to  avoid  problems  in  this  ares. 

The  Rene'  G9,  which  GE  is  planning  to  use  for 
the  turbine  blades,  is  basically  the  same  as 
1N100  (called  Rene'  100  by  GE)  but  has  S  percent 
more  chromium  which  provides  a  material  with 
good  oxidation  and  sulphidation  resistance.  GE 
planH  to  use  coated  Rene’  100  blades  In  the  first 
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Table  A-B.  Summary  of  Turbine  Aerodynamic  Denigp 


Design  Quantity 

Mild 

Design 

Severe 

GE  4  (Free  Vortex)  J 

Design 

First  Stage 

Second  Stage| 

|  At  Mean  Radius  1 

Stator  exit  angle  Aj 

30* 

20* 

23.14 

25.91 

Stator  exit  much  (c/a*)3 

0.8 

1.15 

0.91 

0.  *2 

Rotor  inlet  relative  mach  (W/a**).j 

0.4 

0.7 

0.4*4 

0.399 

Rotor  exit  relative  mach  (W/a*')g 

0.8 

1.15 

0.74 

0.73 

Rotor  exit  axial  mach 

0.4 

0.7 

0.403 

0.413 

Stator  aspect  ratio 

2.3 

3.053 

Rotor  aspect  ratio 

3.008 

5.204 

Stator  solidity  (width/pitch) 

1.098 

1.315 

Rotor  solidity 

1.457 

1.20 

Rotor  exit  D:iUB/DTIP 

0.8 

0.5 

0.79 

0.67 

|  At  Blac 

e  Root  ] 

Stator  exit  angle /»2 

30* 

20* 

20.93 

21.62 

Stator  exit  mach  (c/a*)3 

0.8 

1.15 

1.00 

0.97 

Rotor  Inlet  relative  mach  (W/a**)} 

0.4 

0.7 

0.614 

0.583 

Rotor  exit  relative  mach  (W/a*')a 

0.8 

1.15 

0.70 

|  0.66 

Rotor  turning  angle 

80* 

120* 

109* 

102* 

Degree  of  reaction  (Wg/W3)-1 

0.35 

0 

0.' 

0.08  | 

|  Other  Desif 

pi  Variables  | 

Stage  work.  Ah 

95.3 

74.1 

Stage  efficiency 

89.7 

89.6 

Mean  blade  speed,  Um  * 

1130 

1130 

Loading  parameters,  Uz/2g  JAh 

0.268 

0.345 

Tip  Clearance 

0.060" 

0.080" 

Tip  clearance,  %  blade  height 

1.0 

0.8 

Tip  clearance,  **  tip  diameter 

0.1 

0.13 

]  Blocked  variables  approach  severe  design 


mgincs,  while  long  term  tests  are  conducted  on 
Rene'  G9  to  assure  that  a  stable  composition 
with  no  sigma-phase  precipitation  will  be 
achieved  for  production  engines. 

GE  will  use  Rene’  100  If  Rene'  G9  turns  out  to 
be  unstable  because  it  bus  the  same  propc  rties 
as  Rene'  69.  Use  of  Rone'  100,  however,  cauirot 
good  coatings  against  oxidation  and  sulphidation. 
Use  of  cor*od  Rene*  100  in  the  GE4  would 
necessitate  more  fre<(ucnt  blade  recosting. 

Considering  low  cycle  fatigue  (LCF),  GE  has 
given  Rocing  a  detailed  accounting  of  the 
procedures  which  they  use  to  predict  turbine- 


blade  LCF  life,  taking  Into  account  temperature 
gradients  and  the  entire  three-dimensional 
stress  situation.  They  have  achieved  good 
correlation  of  analysis  with  test  results. 

LCF  life  of  the  blades  Is  predicted  by  GE  to 
exceed  12,  -00  hours.  The  large  number  of 
cooling  air  holes  in  the  blades  docs  not  add  to 
FOD  susceptibility  because,  there  arc  no  holes 
at  the  leading  edge. 

Internal  clogging  of  the  cooling  passages  Is  not 
expected  to  be  a  problem  because  the  cooling 
air  supply  is  bled  at  the  compressor  exit  hub 
section  where  centrifugal  forces  will  minimise 
sir  contamination. 
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A  sir,  pi  If  led  creep  life  calculation  wan  made  for 
the  OK4  turbine  to  make  an  estimate  of  the  risk 
In  the  turbine  blade  creep  life  quoted  by  GE. 

The  mid-span  section  of  the  first  rotor  'vas 
chosen  as  a  point  indicative  of  minimum  creep 
life.  Values  of  temperatures  and  stresses  were 
obtained  from  the  GE4  proposal. 

Several  values  used  in  the  calculations  are 
summarized  as  follows: 

•  Calculated  stress  *  13,300  psl 

•  Design  factor  «*  0.74 

•  Design  stress  3  18,000  psl 

•  Average  rotor  gas  temperature  =  2,530*R 

•  Average  metal  temperature  =  2, 010*R 

e  Cooling  effectiveness  =  0.535 

e  Larson  -  Miller  Factor  =  47,800 
(for  Rene*  C9  to  0.2  percent  creep) 

e  Estimated  creep  life  3  8,300  hours 

The  calculated  life  agrees  reasonably  well  with 
the  GE  prediction,  considering  that  a  change 
of  about  1  percent  In  the  Larson-MHler  factor 
changes  the  calculated  life  from  6,300  to 
9,000  hours.  Also,  a  small  change  in  inetal 
temperature  will  cause  a  large  change  In 
calculated  life. 

In  summary,  the  GE4  turbine  work  output 
requirement  Is  such  that  a  two-stage  turbine 
easily  meets  this  requirement.  The  turbine  is 
therefore  a  conservative  aerodynamic  design 
which  should  have  no  difficulty  meeting  the 
specified  efficiency  and  work  output.  GE  has 
other  operational  engines  such  as  the  J79  and 
.193  running  at  these  turbine  work  and  efficiency 
levels.  The  design  offers  flexibility  to  extract 
more  work.  For  the  above  reasons,  aerody¬ 
namic  performance  of  the  GE  turbine  Is  not 
considered  to  bo  a  risk  Item.  Mechanically, 
the  first-stage  turbine  blades  operate  at  a  tensile 
stres:  of  13,300  psl  at  the  critical  section  and 
have  an  average  metal  temperature  of  1,550‘F. 
Total  cooling  flow  Is  12.3  percent.  There  is  the 
possibility  Uiat  GE  could  have  design  problems 
with  film  cooling  development  In  achieving  the 


desired  material  properties  in  Rene'  69,  or  with 
casting  problems  if  Rene*  100  Is  used  as  s  sub¬ 
stitute.  The  GE4  turbine  blade  life  is  therefore 
classified  as  a  Category  1  risk  item. 

A2.4  AFTERBURNER 

The  GE  afterburner  1b  a  direct  outgrowth  of  the 
J79  and  J93  augmentors.  The  GE4  afterburner 
operates  In  a  more  favorable  environment,  to  s 
lower  absolute  temperature,  and  over  a  lower 
augmentation  range,  than  its  J79  and  J93  prede¬ 
cessors.  Turbine  exit  temperatures  and  there¬ 
fore  augmentor  Inflow  temperature  Is  above  the 
auto-ignition  temperature.  Spark  Ignition  is 
required  over  a  small  portion  of  the  flight 
envelope. 

The  peak  chemical  combustion  efficiency  goal  Is 
99  percent  during  cruise.  This  goal,  adjusted 
to  one-atmosphere  pressure  condition,  has  been 
demonstrated  in  a  ground  test  rig  at  full-scale 
Inflow  temperature  and  velocity.  It  is  not  known 
at  this  time  if  the  high  level  of  efficiency  has 
been  demonstrated  over  the  full  cruise  range  of 
required  augmentation  temperatures.  Referring 
to  Fig.  A -3,  the  combination  of  afterburner 
reference  velocity,  temperature,  and  pressure 
is  such  that  the  attainment  of  this  efficiency 
level  seems  probable. 

The  afterburner  Is  designed  to  maintain  the  hot 
flame  In  the  center  of  the  augmentor,  thereby 
maintaining  liner  and  case  temperatures  within 
design  limits.  No  combustion  takes  place  In  the 
turbine  discharge  gas  adjacent  to  the  liner  walls. 
In  addition,  compressor  seal  discharge  leakage 
serves  to  cool  the  liner.  The  resultant  liner 
temperature  is  calculated  to  range  between 
1,565‘F  and  1,G00*F  during  cruise  using  a 
calculation  technique  verified  by  test.  Although 
there  Is  no  experience  under  similar  coitions 
for  long  life  duration,  the  CJ805  main  burner 
liner,  under  higher  pressure  loads,  has  hot 
spot  temperatures  to  2,000'Fwith  an  average 
temperature  of  1,200*F.  The  time  between 
repairs  for  this  liner  is  now  above  3,000  hours, 
with  an  ultimate  expected  life  of  more  than 
8,000  hours. 

A  significant  life  problem  exists  with  the 
flamcholdcrs  operating  nt  a  continuous  metal 
temperature  of  close  to  2, 100* F.  Ilnstalloy-X 
is  now  proposed  with  TD  Nlchrome  as  a  more 
expensive  backup  material  with  4  or  5  times 
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longer  life.  The  quoted  expected  life  for  Hast- 
elloy-X  will  be  2,000  hours,  with  repair,  bu*. 
long  term  testing  to  validate  this  goal  will  be 
required.  No  previous  experience  In  commercial 
service  exists  to  validate  this  life. 

In  summary,  the  GE  augmentor  is  based  on  J79 
and  J93  actual  flight  experience.  An  important 
question  is  one  o*  commercial  life  of  uuprnentor 
parts.  GE  hab  set  a  design  life  goal  of  4,000 
hours  without  repairs.  Attainment  of  this  goal 
will  be  difficult.  Because  of  the  parts  life  question 
at  this  time  and  the  consequential  effects  on 
airplane  dispatchabillty,  the  augmemor  life  la 
classified  as  a  Category  2  development  risk  item. 

A2.5  EXHAUST  NOZZLE/REVERSER 

A2.5.1  GE  Exhaust  Nozzle 
The  nozzle-installed  thrust  minus  drag  coeffi¬ 
cients  proposed  by  GE  and  P&WA  aie  plotted  in 
Fig.  A-7  as  a  function  of  flight  Mach  number. 

The  values  shown  are  from  the  engine  companies' 
performance  decks,  with  Bceing-cstimatcd 
boat  tail  drag  corrections  applied  in  the  case  of 
GE.  The  coefficients  shown  are  defined  on  the 
figure  and  are  for  a  typical  cllmu  and  accelera¬ 
tion  placard.  Prints  for  holding,  subsonic 
cruise,  and  supersonic  cruise  are  also  shown. 

The  nozzle  design  is  a  new  concept  for  General 
Electric. 

General  Electric  has  performed  tests  of  nozzles 
similar  to  their  offered  two-stage  ejector  design. 
Model  test  data  has  been  provided  for  their 
design  at  supersonic  cruise.  Data  have  been 
provided  for  takeoff,  subsonic  cruise,  and  Mach 
1.2  climb  from  models  quoted  to  be  similar  to 
the  offered  nozzle.  These  test  data  points  arc 
shown  in  Figs.  A -8  to  A-ll.  On  each  figure  a 
goal  point  has  been  added,  showing  the  installed 
thrust  coefficient  used  by  Boeing  in  its  perfor¬ 
mance  calculations,  in  each  case,  the  GE  model 
data  meets  or  exceeds  the  specified  performance. 
While  final  validation  must  await  receipt  of  data 
from  models  duplicating  the  offered  nozzle 
exactly,  with  Inclusion  of  the  effect  of  nozzle 
leakage,  the  GF.  data  shown  tend  to  substantiate 
their  quoted  performance. 

Reliability  and  life  of  the  nozzle  and  Its  many 
small  parts  in  a  hot  environment  represents  an 
unknown.  During  afterburning,  comptcssor 


discharge  air  is  provided  to  keep  the  primary 
nozzle  within  design  metal  temperature  limits 
and  reduces  temperature  gradients.  Approxi¬ 
mately  30  hours  of  hot  testing  have  been 
completed  to  date,  with  no  problems  of  hinge 
binding. 

A2.5.2  Reverser 

The  design  of  the  thru3l  reverser  is  such  that  no 
major  problems  are  anticipated  In  obtaining 
ad  equate  reverse  thrust  performance  with  good 
directional  control. 

In  summary,  the  lack  of  substantiating  test 
data  from  models  exactly  duplicating  the  pre  tent 
two-stage  ejector  nozzle  design,  the  apparent 
inexperience  of  GE  with  this  ejector  concept,  and 
the  strong  effects  of  nozzle  performance  on 
airplane  performance  make  the  nozzle  a 
Category  2  development  risk  item.  The  thrust 
reverser  should  perform  as  quoted  by  GE.  but 
the  life  and  reliability  factors  makes  this 
component  a  Category  1  risk  Item. 

A2.6  ENGINE  WECHT 
Boeing  does  not  feel  qualified  to  present  a 
detailed  analysis  of  the  GE4  engine,  but  the 
nozzle-rcverser  does  represent  an  unknown  at 
this  time.  There  exists  no  operational  precedent 
for  the  nozzle-thrust  reverser  system  as  offered. 
Because  of  this,  there  is  every  reason  to 
consider  the  possibility  of  a  weight  Increase 
above  the  present  engine  company  estimates. 

Tnis  factor,  together  with  the  consequences  of 
overweight  on  airplane  performance,  classify 
the  weight  of  the  GE  engine  as  a  Category  2 
development  risk  Item, 

A2.7  CONTROLS  AND  ENGINE  DYNAMICS 

A2.7.1  Control  System 

A  functional  description  of  the  contiol  system  ia 
presented  in  the  following  paragraphs: 

A2.7.1.1  Main  Fuel  Control  (see  Fig.  A -12) 

a.  Primary  functions 

Control  engine  speed  during  steady -stat* 
and  transient  operation  of  the  engine. 

Position  the  compressor  variable  stator 
vanes  to  achieve  the  required  compres¬ 
sor  air  flow  and  stall  margin. 
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Flgur*  A- 12.  Schematic  Diagram  et  Mala  r ual  Central  Sjr»  fm 


System  operation 
Steady-siats 

Fuel  flow  Is  varied  to  maintain  engine 
rpm  ai'  required  by  thrust  lever  position. 
Compressor  stators  are  positioned  as 
a  function  of  engine  rpm  (N)  and  com¬ 
pressor  inlet  temperature  (T—  ). 

*2 

Transient 

Fuel  flow  Is  limited  by  acceleration  and 
deceleration  schedules  to  provide  rapid 
rpm  change  without  encountering  com¬ 
pressor  stall,  engine  flame-out,  or  ex¬ 
ceeding  engine  temperature  limits. 

These  schedules  aro  a  function  of  com¬ 
pressor  discharge  pressure  (P3),  com¬ 
pressor  Inlet  temperature  (TyJ  and 
engine  rpm  (N). 


c.  Sensed  quantities 
r : gine  rpm  (N) 

Thrust  lever  angle  (TLA) 

Compressor  Inlet  total  temperature 
<Tt  ) 
a 

Compressor  discharge  pressure  (Pj) 
Stator  angle  (position  feedback) 

d.  Controlled  outputs 

Gas  generator  fael  flow  (Wp) 

Compressor  stator  angle  (2  sets  -/I. 
*nd  (ip 
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A.  2. 7. 1.2  Augmentation  Fuel  Control  (in 
Fig.  A -13) 

s.  Primary  function* 

Schedule  fuel  to  the  migmentor  during 
steady-state  and  transient  operation  of 
the  engine,  in  the  augmented  range. 

b.  System  operation 
Steady-state 

Augmentor  fuel  flow  is  metered  as  a 
function  of  thrust  lever  angle  (TLA)  and 
compressor  discharge  pressure  (P3)  to 
provide  the  desired  temperature  rise  in 
the  augmentor. 

Transient 

Two  conditions  must  be  met  before  aug¬ 
mentation  can  be  initiated:  thrust  lever 
in  augmentation  range,  and  engine  rpm 
must  exceed  SO  percent  (to  assure  suffi¬ 
cient  airflow  to  give  successful  aug¬ 
mentor  light-off). 

Following  light-off,  augmentor  fuel  fl<rs 
increases  until  desired  level  Is  reached. 

c.  Sensed  quantities 
Thrust  lever  angle  (TLA) 

Compressor  discharge  pressure  (Pg) 

d.  Controlled  output* 

Augmentor  fuel  flow  (Wy>^) 

A2.7.1.3  Nozzle  Area  Control  (see  Fig.  A-14) 

a.  Primary  function 

Control  primary  exhaust  nozzle  ore* 
during  steady-state  and  transient  opera¬ 
tion  of  the  engine. 

b.  System  operation 
Steady-stat* 

Primary  nozzle  urea  (A8)  is  varied  aa 


scheduled  by  thrust  lever  angle  (TLA) 
from  full  open  at  Idle  power  to  nearly  foil 
closed  at  a  power  setting  just  below  max¬ 
imum  dry.  The  variation  in  nozzle  area 
Is  required  to  provide  sufficient  com¬ 
pressor  stall  margin  at  all  operating 
conditions  and  allow  the  maximum  tur¬ 
bine  inlet  temperature  (T4)  to  be  attained 
at  maximum  dry  power.  The  combina¬ 
tion  of  increased  turbine  temperature 
(because  of  both  rpm  increase  and  nozzle 
area  decrease)  and  Increased  airflow 
(because  of  increased  rpm)  provides 
thrust  increase  as  the  thrust  lever 
moves  from  Idle  to  maximum  dry  power. 

At  power  settings  above  maximum  dry 
(l.e. ,  augmented  power),  the  nozzle 
area  must  increase  to  allow  fuel  to  be 
burned  in  the  augmentor  without  increas¬ 
ing  back  pressure  on  the  turbine.  Aa 
increase  in  back  pressure  would  tend  to 
decrease  engine  rpm,  because  of  de¬ 
creased  work  output  from  the  turbine. 

The  main  fuel  control  attempts  to  main¬ 
tain  100  percent  rpm  during- augmented 
operation,  and  gaB  generator  fuel  flow 
would  therefore  Increase  to  r  estore  en¬ 
gine  rpm,  thereby  resulting  in  turbine 
over-temperature.  To  prevent  this,  the 
nozzle  control  senses  turbine  discharge 
temperature  (Tg)  and  varies  the  nozzle 
area  to  maintain  a  given  level  of  Tg. 

This  maintains  turbine  inlet  temperature 
(T4)  with’n  acceptable  limits.  The  ref¬ 
erence  level  of  Tc  Is  based  as  a  function 
of  compressor  inlet  total  temperature 

<tT2>- 

Transient 

Several  features  are  Included  In  the 
nozzle  area  control  to  improve  engine 
transient  response  and  augmentor  light- 
off  following  throttle  burst.  These 
include: 

Modifying  the  Tg  error  signal  as  a  func¬ 
tion  of  Tg  rale  of  change  (dTg/dt)  to  com¬ 
pensate  for  thermocouple  lag. 

Modifying  the  Tg  error  signal  as  a  func¬ 
tion  of  rpm  rate  of  change  (dN/dt)  to  lra- 
provo  control  stability  and  response. 
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Overriding  the  T«  error  signal  as  a  Ai ac¬ 
tion  of  rpm  to  hold  nozzle  area  open  until 
the  engine  is  close  to  maximum  rpm  fol¬ 
lowing  throttle  burst.  Holding  the  nozzle 
open  provides  shorter  engine  acceleration 
times  by  reducing  turbine  bade  pressure 
during  the  rpm  build-up. 

e.  Sensed  quantities 

Thrust  lever  angle  (TLA) 

Turbine  discharge  temperature  (Tg)  > 

Engine  rpm  (IQ 

Compressor  inlet  total  temperature  (Tx2) 
Nozzle  area  (position  feedback) 
d.  Controlled  output 

Exhaust  nozzle  area  (Ag) 

A2.7.1.4  Background 

The  GE4  control  system  Is  very  similar  to  the 
J79  (Mach  2)  and  the  J93  (Mach  3)  control  systems. 

A2. 7. 1. 5  Special  Features 
The  most  significant  aspect  of  a  turbojet  control 
Is  that  th.3  variable  nozzle  operates  behind  the 
gas  generator.  This  gives  the  designer  the  flexi¬ 
bility  to  control  gas  generator  parameters  by 
means  of  nozzle  area.  Two  applications  In  the 
GE4  engine  are: 

Tj5  la  controlled  by  meana  of  nozzle  area. 
Because  there  Is  a  close  relatlonsLo  be¬ 
tween  T’fs  and  T74  (turbine  inlet  tempora- 
ture),  there  Is  an  almost  direct  control.of 
T^  In  the  GE4  engine. 

For  operation  between  Idle  and  Maximum 
Dry,  the  nozzle  Is  always  over -area  during 
a  transient,  except  at  100  percent  mechanical 
rpm.  This  schedule  provides  extra  surge 
margin,  hcnco  faster  acceleration.  It  also 
results  in  higher  SFC  bciow  100  percent 
mechanical  rpm. 

If  CE  should  have  control  development  difficulties, 
t'ao  design  olfors  the  opportunity  to  include  the 
variable  compressor  Btators  in  the  control  loops, 
tn  the  present  design,  the  stators  are  essentially 


used  aa  a  two-position  system.  However,  la 
case  of  dynamic  control  problems,  the  stators 
could  be  used  to  vary  the  compressor  character¬ 
istics  at  specific  operating  conditions  to  cops  with 
these  problems. 


A2.7.1.6  Summary 

GE  Is  offering  a  control  system  which  Is  vir¬ 
tually  Identical  to  previous  operational  control 
systems.  The  compressor  variable  stators  offer 
a  degree  of  flexibility  In  engine-inlet  compatibility 
problems. 

A2.7.2  Dynamics 
A2.7.2. 1  Background 

GE  In  the  last  5  years  has  worked  extensively 
on  the  control  system  of  the  J93  and  on  a  digital 
analog  computer  program  (Dynasyar)  for  analyz¬ 
ing  engine  and  control  dynamics.  This  tool  has 
Heen  refined  and  proved  on  the  B-70  program. 
Detailed  dynamic  effects  can  be  studied,  tor 
example,  burner  blow-out  can  be  predicted,  1  nd 
the  varying  degrees  of  inlet  distortion  during 
offdcsign  inlet  operation  can  be  studied.  In  rum- 
mary,  GE  has  a  directly  applicable  background 
In  control  system  simulation  and  has  shown  that 
this  simulation  gives  realistic  predictions. 

A2.7.2. 2  Simple  Power  Setting  Changes 
The  two  predominant  characteristics  of  the  turbo¬ 
jet  engine  which  govern  engine/inlet  dynamics 
compatibility  are  as  follows: 

a.  Airflow  transients  caused  by  rotor  rpm 
changes  are  relatively  slow  because  of  the  rotor 
Inertia. 

b.  Airflow  transients  originating  in  the 
augmentor  and  nozzle  are  separated  from  the 
Inlet  by  a  choked  turbine  diaphragm. 

Because  these  effects  reduce  or  eliminate  air¬ 
flow  transients,  simple  power  setting  changes 
will  pose  no  problem  for  the  Inlet. 

A2.7.2.3  Afterburner  Light-off 
Figures  A-15  and  A-1G  show  Dynasyar  data  for 
a  normal  light -off,  and  an  artificially  delayed 
(and  hence  extra  hard)  light-off.  The  latter  case 
is  hypothetical  In  that  no  such  light -off  has  ever 
been  recorded  for  the  J 93.  The  airflow  change 
in  Fig.  A-1G  falls  within  the  Boeing  inlet  stability 


V2-B2707-14 

CONFIDENTIAL 


CORRECTED  KOfiHAl  SHOCK 

airflow-*  ?oanow-FT 


CONFIDENTIAL 


Flguro  A -IS.  CE  Augment  or  Normal  LlgStoft 
(  Englno  A  lult*) 


V2-K2707-14 

CONFIDENTIAL 


CONFIDENTIAL 


M  «  H 

C$.000  FT 


TIME-SEC 

Flgv r*  A-J6.  C£  Avfnwntor  HmrJ  Llght»ff  (lrii|lM) 


V2-IH707-14 

CONFIDENTIAL 


CONFIDENTIAL 


94 


limit*.  Than*  data  were  based  on  s  control  sys¬ 
tem  without  s  light-off  Interlock.  Such  an  Inter¬ 
lock  would  (1)  allow  only  s  small  fuel  flow  for 
light-off,  (2)  determine  whether  the  A/B  llght-eff 
has  occurred  by  checking  nozzle  area  change,  sad 
(3)  shut  off  fuel  How  if  light-off  has  not  occun-ud 
shortly  after  light-off  Initiation.  Such  an  inter¬ 
lock  is  unnecessary  when  the  augmcntor  operates 
with  auto-ignition  inlet  gas  temperatures.  Fig¬ 
ure  A-17  shows  that  the  GJE4  afterburner  operates 
during  most  of  the  normal  airplane  mission  under 
auto-ignition  conditions.  Only  in  descent  do  auto- 
ignition  conditions  not  exist. 

In  summary',  afterburner  light-off  does  not  pre¬ 
sent  Inlet  stability  problems  for  the  inlet,  even 
with  a  delayed  light-off.  The  afterburner 
operates  during  most  of  the  mission  under  auto- 
lgnitlcr.  conditions. 

A2.7.2.4  Inlet  Unstart 

Inlet  unstart  causes  a  sudden  reduction  of  engine 
face  pressure.  This  change  Increases  with  flight 
speed  end  is  more  rapid  at  high  inlet  recovery  at 
a  given  flight  Mach  number. 

J93  da.a  for  the  B-70  has  shown  that  inlet  unstart 
at  Mach  3  normally  resulted  In  compressoi  surge 
but  nevei  in  main  burner  flameout.  The  after¬ 
burner  flamed  out  because  of  the  initial  reduction 
in  tailpipe  pressure  but  relit  because  of  auto- 
ignltion  almost  Instantaneously.  The  afterburner 
blow-out  and  relight  were  unnoticed  by  the  pilots. 

On  the  B-2707  airplane.  Inlet  unstart  in  cruise 
will  cause  an  Inlet  presure  transient  slmllat  in 
magnitude  to  that  on  the  B-70.  On  the  one  hand, 
the  B-2707  flies  at  lower  Mach  number,  but  on 
the  other  hand  it  has  a  much  smaller  volume  be¬ 
tween  the  shock  and  engine  face  than  In  the  B-70. 
Thus  the  GE4  compressor  may  be  expected  to 
surge,  but  If  A/B  blow-out  occurs,  nuto-ignltlon 
will  restore  the  thrust. 

In  summary,  the  GE4  will  probably  experience 
a  momentary'  compressor  stall  because  of  an 
inlet  unstart.  The  main  burner  will  remain  lit 
at  all  times.  The  afterburner  will  probably  blow 
out  but  will  auto-lgnlto  within  a  fraction  of  a 
second. 

A2.7.2.5  Afterburner  Blow-Out 

Although  afterburner  blow-out  In  cruise  Is  very 

unlikely,  it  could  occur  because  of  Inlet  unstart  or 


s  momentary  fuel  flow  interruption.  The  latter 
case  is  shown  in  Fig.  A-18.  Relight  occurs  about 

1  sec  later  and  compressor  airflow  changes  are 
again  well  within  Boeing  specification  limits. 

A2.7.2.6  Compressor  Surge 
The  influence  of  the  J93  experience  is  evident  in 
the  GE  program.  A  continuing  research  com¬ 
pressor  development  program  is  being  conducted. 
In  addition  to  normal  performance  testing,  steady- 
state  distortion  effects  on  airflow  characteristics 
and  surge  margin  are  measured.  Plans  exist  to 
start  testing  the  nine-6tage  demonstrator  com¬ 
pressor  with  turbulent  and  distorted  Inflow  early 
in  19G7.  J93  experience  lias  shown,  in  the  lost 

2  years,  that  distortion  screen  testing  Is  not 
sufficient.  Therefore,  the  nonsteady  distortion 
testing  will  be  significant  to  inlet  engine  com¬ 
pel!  bill  ty  development. 

Compressor  surge  caused  by  nozzle/augmentor 
transients  is  most  improbable  because  of  tha 
choked  turbine  diaphragm  between  compressor 
and  engine  exhaust. 

Indications  are  that  long  chord  (i.  e. ,  low  aspect 
ratio)  blades  are  tolerant  of  dynamic  distort!''*!. 
The  eight-stage  demonstrator  compressor  ho*  low 
aspect  ratio  (AR)  blades  (Alt  1.  3  for  first  stage), 
but  the  GE4/J5P  nlne-Btage  compressor  will  have 
a  first  stage  with  AR  2. 88.  Aft  stages  will  have 
aspect  ratios  similar  to  those  of  the  eight-stage 
compressor.  The  eight-stage  compressor  has 
been  6hown  to  have  quite  good  steady-state  dis¬ 
tortion  tolerance  at  the  hub,  but  only  moderate 
tolerance  at  the  tip.  GE  is  planning  to  distribute 
the  steady-state  distortion  tolerance  more  evenly 
In  the  nine-stage  compressor.  The  introduction 
of  a  first  stage  with  AR  2. 88  In  the  GE4  compres¬ 
sor  makes  the  eight-stage  demonstrator  distor¬ 
tion  data  not  directly  applicable  to  the  nine-stage 
compressor.  But,  eight-stage  distortion  char¬ 
acteristics  indicate  that  GE  har  a  good  under¬ 
standing  of  steady  -state  distortion.  Dynamic 
distortion  tolernnce  remains  on  open  question 
until  early  1907  tests  of  flic  nine-stage  com¬ 
pressor. 

The  possible  use  of  variable  stators  for  solution 
of  dynamic  problems  has  already  been  pointed 
out.  It  Is  a  high  response  method  which  has  been 
used  on  oomc  fighter  airplanes  to  prevent  com¬ 
pressor  stall  during  transients  (e.g.  hot  gas  in¬ 
gestion  from  guns).  Another  possibility  to  re¬ 
solve  dynamic  problems  is  compressor  redesign 
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to  obtain  lower  aspect  ratio  blades  or  more 
sta^s.  This  would  bo  a  major  undertaking  and 
result  in  a  weight  and  length  penalty.  However, 
the  three-bearing  design  of  the  engine  at  leant 
offers  this  possibility  without  any  further  doslgn 
changes. 

In  summary,  General  Electrio  has  initiated  a  well- 
defined  program  on  comprcsoor  surge  margin  and 
distortion  tolorance.  Distortion  test  data  for  the 
eight-etngo  demonstrator  coinpicuoor  looks  good 
for  this  phase  of  tho  program.  However,  the 
nina-sUge  oomprousor  differs  significantly  from 


the  eight -stage  demonstrator.  The  nine-stage 
compressor  has  a  first  stage  with  an  aspect  ratio 
of  2. 9  and  the  eight-stage  compressor  has  an 
aspect  ratio  of  1.3.  The  distortion  tolerance  of 
the  nino-stage  compressor  remains  to  be  demon¬ 
strated.  In  case  of  pcrsictcnt  distortion  or 
dynamic  control  problems.  GE  can  incorporate  the 
variable  stators  in  the  high  response  part  of  the 
control  system. 

A2.7.3  Controls  and  Dynamics  Summary 
Overall,  the  controls  end  dynamics  of  the  GE4 
engine  cmsittute  a  Category  1  development  risk 
item. 
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A3.0  PRATT  AND  WHITNEY  AIRCRAFT  JTF17A-21B  ENGINE 


A3. 1  FAN/COMPRSSSOR 
Compression  of  the  air  for  the  JTF17  engine  la 
accomplished  by  a  two-stage  fan  with  a  2.84 
average  pressure  ratio  and  a  six-stage  high- 
pressure  compressor  with  a  4. 84  pressure  ratio. 
The  gas  g -aerator  flow  of  287  lb/sec  at  sea  level 
has  an  over. ill  pressure  ratio  of  12.97  to  1;  the 
duct  flow  of  390  lb/sec  has  a  pressure  ratio  of 
2. 96  to  1.  The  fan  and  compressor  are  treated 
separately  la  this  section. 

A  3.1.1  Fan 

rhe  fan  flow  is  divided  Into  engine  side  and  duct 
side  flow  with  fan  pressure  ratios  of  2.88  and 
2. 96  respectively.  The  mean  inlet  axial  Mach 
number  to  the  fan  fa  0.592,  and  tho  tip  velocity 
of  the  first  rotor  is  1,69-1  ft/sec  jiving  a  tip 
relative  Mach  number  of  1.69.  The  fan  rotors 
arc  provided  with  two  vibration  dampers  each. 
The  duct  side  exit  guide  vanes  are  clotted  airfoil 
sections.  The  two  stages  currently  proposed  In 
the  JTF17  fan  consist  of  a‘  scaled  JTF14  fan  an 
the  first  stage,  and  a  second  atage  similar  to  fan 
build  No.  five  tested  In  tho  P&WA  0.02-scale 
test  rig.  Based  on  the  Information  available 
from  Pfc'VA,  an  attempt  has  been  made  to  under¬ 
stand  the  details  nr.d  proper  interpretation  of 
the  fan  test  progress.  There  has  apparently  been 
a  total  of  nine  different  builds  with  multiple  de¬ 
signs  of  both  first  and  second  stage  fan  rotors. 
The  following  lists  the  major  tests  and  findings 
ns  Boeing  understands  them. 


Build  No.  1  As  designed;  airflow  3-1/2  percent 
below  design;  bypass  ratio  1,37 
compared  to  1.3  desired;  pressure 
ratio  2.51  compared  to  2.7  desired; 
no  efficiency  data. 


Bi-lid  No.  2  Streamlined  part-span  shrouds; 

airflow  1  percent  below  design; 
bypass  ratio  1.15,  1.3  desired; 
pressure  ratio  2.68,  2.7  desired; 
peak  efficiency  engine  side  84  per¬ 
cent;  duct  side  76. 5  percent. 

Build  No.  3  Overcambercd  first  fan  blade;  air¬ 
flow  1-1/2  percent  nbove  design; 
bypass  ratio  1.15,  2.3  desired; 


pressure  ratio  2.78,  2.7  desired; 
efficiencies  same  as  No.  2. 

Build  No.  4  Identical  to  No.  2  except  the  cuter 
part-span  shrouds  were  removed 
from  second  stage  blades;  short 
test  to  determine  performance  and 
vibration  effects  of  second  atage 
blade  change;  high  blade  atreasea 
attributed  to  blade  flutter  at  59  per¬ 
cent  design  speed;  no  data  obtained. 

Build  No.  5  Identical  to  No.  2  except  airflow 

splitter  was  drooped;  same  as  flrat 
experimental  engine;  airflow  1/2 
percent  above  design;  bypass  ratio 
1.37,  1.3  desired:  pressure  ratio 
2.72,  2.7  desired;  peak  efficiency 
engine  e’de  82.5  percent,  duct  sldo 
78.5  percent;  elgidCcant  Improve¬ 
ment  In  surge  margin  at  100  percent 
speed  over  No.  2;  separation  noted 
on  splitter;  complete  map  obtained. 

Build  No.  6  Filler  ring  added  to  smooth  Inboard 
side  of  splitter;  complete  spood 
Hne3  run;  overall  performance 
slightly  degraded  from  No.  5; 

Stator  1  closod  4  degrees  and  speed 
lines  rerun;  no  improvement  In  part 
speed  surge;  engine  side  flow  down 
1.9  percent;  total  airflow  down  1 
percent. 


Build  No.  7  Redesigned  first  and  second  stage 
blades  based  on  No.  3  data;  over- 
cambered  leading  edges;  relocated 
part-span  shrouds  at  75  percent 
and  40  percent  span  as  against  88 
percent  and  50  percent  span;  peak 
efficiency  exceeded  truJue  goal  by 
one  count. 


Build  No.  8  No  data  available. 

Build  No.  9  Redesigned  second  rotor  blades, 
new  flow  splltver,.  will  use  first 
stage  blades  from  No.  7. 
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l>ata  from  Ihilld  S  (tested  in  Feb.  1966)  are 
-ited  In  the  draft  copy  of  the  P&WA  proposal  ae 
Phase  n-C  demonstrated  value*.  The  perform¬ 
ance  data  for  Build  S  are  summarized  In  Table* 
A-C  and  A-D,  Performance  goal*  are  shown  for 
comparison.  Build  S  test  goals  have  not  been 
clearly  stated;  therefore,  production  engine  goals 
have  been  used  as  Indicated. 

Build  3  performed  well  in  terms  of  flow  and 
pressure  ratio  at  SLTO-almulated  conditions, 
but  on  Improvement  In  engine  side  efficiency  Is 
required.  At  simulated  cruise  conditions,  the 
efficiency  was  acceptable  and  the  pressure  ratio 
was  reasonably  close,  but  higher  RPM  was  re¬ 
quired.  Stall  margin  ou  both  sides  of  the  fan 
at  SLTO  Is  low.  The  combination  of  a  JTF14 
first  stage  and  a  Build  5  second  stage  can  cer¬ 
tainly  not  bo  taken  as  final,  and  additional 
developmental  changes  are  anticipated  before 
desired  performance  goals  are  reached.  P&WA 
has  not  provided  distortion  test  data;  however , 


they  have  stated  that;  "As  development  proceeds 
with  the  selection  of  an  airframe  contractor  and 
farther  definition  of  the  Inlet  design,  more  ex¬ 
tensive  information  on  the  distortion  will  becoms 
available  making  it  possible  to  start  fan  compo¬ 
nent  testing  with  simulated  distortions."  Ade¬ 
quate  fan  toleration  of  distortion  st  the  tub 
because  of  the  flow  inducing  nature  of  a  two- 
spool  engine  may  be  realized.  Likewise,  attenu¬ 
ation  of  distortion  through  the  duct  aide  of  this 
fan  may  result  from  suitable  airfoil  sections,  hut 
there  is  currently  no  known  way  of  analytically 
predicting  these  facts,  and  no  substantiating 
test  data  is  available. 

In  summary,  the  fan  Is  in  an  early  development 
state  and  performance  goals  have  not  been  demon¬ 
strated.  The  lack  of  distortion  testing  together 
with  the  fluid  state  of  the  fan  design  make  the 
achievement  of  etated  fan  performance  goals  a 
Category  l  development  risk. 


Table  A-C.  Fan  Performance  Comparison— Duct  Side 


Press. 

Ratio 

Specific 

Flow 

RPM  Per¬ 
cent  Design 

Adiabatic 
Eff  a> 

Stall 

Margin  ft) 

Distortion 

Tolerance 

Goal 

2.7 

100 

78.8* 

11.0* 

SLTO 

Test 

2.7 

41 

99 

78 

5 

Goal 

1.56* 

63.6 

89.8* 

28.5* 

CRUISE 

V 

Teat 

1.50 

30.3 

69 

78 

24 

*  Production  Engine  Goal 


Table  A-D.  Fan  Performance  Comparison  —  Engine  Side 


Press. 

Specific 

RPM  Per- 

Adiabat'c 

Stall 

Distortion 

Ratio 

Flow 

cent  Design 

Eff  ft) 

Margin  ft) 

Tolerance 

Goal 

2.7 

100 

88.8* 

9.2* 

SLTO 

t 

Test 

2.5 

41 

99 

79 

7 

Goal 

1.56* 

63.6 

89.8* 

CRUISE 

Test 

150 

30.3 

69 

85.5 

26 

♦Production  Engine  Goal 
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A3. 1.2  High-Pressure  Compressor 
Demonstrated  performance  for  the  high-pressure 
compressor  comes  from  Build  5  of  the  6S0  Ib/sec 
compressor  and  is  summarized  in  Table  A-E. 

In  the  absence  of  specific  Build  S  performance, 
the  production  engine  goals  have  been  used  as 
indicated.  Low  efficiency  and  lack  of  stall  mar¬ 
gins  at  SLTOa  re  definite  problem  areas.  The 
stage  by  stage  performance  detailed  on  pages 
B1LX-44  and  45  of  the  P&WA  Phase  II -C  draft 
proposal  received  by  Boeing  on  «  August  1966 
represents  a  complete  change  from  the  stage  by 
stage  data  received  on  a  visit  to  Pratt  and  Whit¬ 
ney  on  22  July  19G0.  However,  no  changes  In 
overall  high  pressure  compressor  performance 
were  noted. 

In  Fig.  A-19,  rotor  blade  aspect  ratios  are 
plotted  versus  hub  to  tip  ratios.  Two  sets  of 
data  provided  by  P&WA  earlier  In  the  year  are 
shown,  but  no  data  of  this  type  is  present  in  the 
current  draft  proposal.  The  plotted  data  were 
current  In  March  and  July  of  19GG.  In  the  same . 
time  pern  J,  blade  failures  on  the  first  rotor  of 
IIP  compressor  were  experienced;  first,  In 
Build  1  on  the  compressor  rig  and  later  in  the 
second  demonstrator  engine.  Because  of  blade 
failures  and  flutter  problems  encountered  on 
the  C5-A  demonstrator  engine,  the  commercial 
version  (the  JT9D)  has  on  additional  stage  and 
lower  aspect  ratios.  For  these  reasons,  the 
structural  integrity  of  the  JTF17  short  chord 
^design  la  now  an  unknown.  A  second  unknown 
is  the  probability  of  achieving  the  necessary 
flow  rango  with  the  short  chord  design  approach 
currently  being  used.  Several  publications  (for 
example.  NACA  RM  E47I03,  Feb. ,  1958)  show 


that  the  flow  range  of  a  rotor  definitely  decreases 
with  the  decreasing  chord  length. 

In  summary,  the  IIP  compressor  design  is  la  an 
early  development  state;  performance  goals  have 
not  been  demonstrated,  and  distortion  test  results 
are  not  avr ,  t  Me.  Then 3  factors  Indicate  that  the 
high  prest  t.  vompresoor  is  a  Category  1  de¬ 
velopment  nsk.  Considering  that  the  high  pres¬ 
sure  compressor  must  be  developed  to  accept 
fan  hub  flow,  the  overall  compression  section 
of  the  JTF17  is  viewed  os  a  Category  2  develop¬ 
ment  risk. 

A3. 2  MAIN  BURNER 

The  P&WA  ram  induction  birner  is  a  new  concept 
with  major  features  being  short  length  and  high 
efficiency.  The  reduced  length  is  made  possible 
by  a  low  level  of  diffusion  upstream  of  the  burner. 
Air  is  injected  into  the  burner  liner  by  a  velocity 
head  conversion  rather  than  a  static  pressure 
difference. 

Figure  A-2  shows  the  volumetric  heat  release  tor 
this  burner  to  be  reasonable,  with  a  demonstrated 
value  higher  than  the  design  goal  for  the  proto¬ 
type  engine. 

The  heat  release  parameter  discussed  In  Par. 
A2.2 

(fuel  flow  rate)  X  (enthalpy  lncreaae/Ib) 

1  8 

(combustor  volume)  X  (pressure)  * 

for  the  P&WA  JTF17A  at  Mach  2.7  cruise  Is 
1. 13  x  10^.  This  value  is  considered  to  be  con¬ 
servative  and  should  provide  margin  for  future 
growth. 


Table  A-E.  JTF17-IIlgb  Pressure  Compressor  Performance  Comparison 


Press. 

Ratio 

Corr 

Flow 

RPM  Per¬ 
cent  Design 

Adiabatic 
Eff  ft) 

Stall 

Margin  ft) 

Distortion 

Margin 

Goal 

4.77 

130.3 

100 

85.9* 

17* 

SLTO 

Teat 

4.75 

131.5 

100 

81.8 

0 

2. 92* 

98.4 

81 

86.8* 

30* 

CRUISE 

M 

2.75 

98.4 

80 

85.5 

27.5 

•Production  engine  design  goal. 
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HUE/TIP  RATIO 

Flgurm  A-19.  Atpact  So>l»  Virin  Hub-Tip  Rail •  for  Prof*  on<f  Hhltnaj  Englnai 


Combustion  i  values  of  99  percent  have 

been  mu&r-i.  d  In  tho  JT4  i! monstrator  engine 
with  the  ram  Induction  burr  -  ■ .  Combustion 
efficiency  <v  n  be  correlated  vt'h  the  parameter 
,  ( T.  /540  )  0.75 

p  ;  l5xe  la-  X  A _ , X  D_ 

o  «  lu 


'W. 


'ref  A  uref 


as  shown  In  Fig.  A-20  for  d'  .  d  annular 
combustors.  It  can  bo  furt  r  &  -own  that  lean 
blow-out  occurs  at  the  value  <-?  9  where  the 
curve  becomes  vortical.  Figure  A-20  shows 
values  of  0  for  the  P&WA  main  combustor  for 
various  flight  conditions.  Tho  value  of  0  at 
Idle  conditions  appears  marginal;  however,  it  is 
not  known  to  what  extent  this  curve  is  applicable 
to  tho  ram  Induction  burner. 

Thu  design  goal  of  dmax,  an  indicator  of  maxi¬ 
mum  temperature  profile  quality  of  tho  burner. 
Is  stated  to  be  10  porcent.  A  120-dcgree  sector 


rig  test  has  demonstrated  this  value.  However, 
values  of  28  percent  to  29  percent  have  been 
shown  in  mo3t  of  the  data  available  at  this  time. 
Including  engine  burner  data  from  the  JT4  and 
JTF17  demonstrator. 

Aerodynamic  radial  distortion  testing  has  been 
conducted  with  good  distortion  attenuation  in  the 
120-dcgree  sector  rig  test  facility.  Circumfer¬ 
ential  distortion  testing  has  not  been  mentioned 
to  date. 

Figure  A-21  presents  typical  operating  values 
of  reference  Mach  number  and  pressure  loss  for 
annular  combustors.  The  design  values  at 
SLTO  and  Mach  2.7  entire  are  shown  on  the 
figure  for  the  P&WA  burner.  The  figure  shows 
that  the  design  Is  conservative  with  regard  to 
pressure  loss. 

Maximum  Unsr  metal  temperatures  of  between 
1,800  and  1,850°F  in  the  region  near  the  twirl 
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injector*,  have  been  measured.  The  tempera¬ 
ture  range  along  the  liner  is  1,000  to  1,700°P 
at  takeoff  and  1,350  to  1.800OF  at  cruise.  The 
maximum  liner  temperature  appear*  high  but  no 
information  i*  available  on  the  effect  of  these 
temperatures  on  liner  life. 

In  summary,  the  ram  induction  concept  la  near, 
and  no  flight  experience  is  available  as  a  tech¬ 
nological  base.  Combustor  efficiency  and  space 
heat  release  rates  appear  achievable,  hut  the 
exit  temperature  profiles  require  further  de¬ 
velopment.  Tho  test  program  and  demonstrated 
performance  to  date  are  encouraging.  Overall, 
the  P&WA  multi  burner  fa  not  considered  to  be 
In  one  of  the  major  development  risk  categories. 

A3. 3  TURBINE 

A3. 3.1  Aerodynamic  Performance 
The  JTF17  engine  employs  a  three-stags  turbine 
with  a  controllcd-vortex  .adial  aerodynamic 
loading  distribution.  The  first  stage  drives  the 
high-pressure  compressor,  and  the  second  and 
third  stages  drive  the  fan.  The  turbine  aero¬ 
dynamic  design  Is  summarized  In  Table  A-F, 
where  variables  which  approach  severe  design 
values  have  been  circled  for  emphaela. 

This  turbine  Is  a  highly  loaded  aerodynamic  de¬ 
sign  In  that  high  cascade  Mach  numbers  and 
turning  angles  are  generally  employed.  The  low 
values  of  rotor  ®xlt  hub/tlp  ratio  for  the  second 
and  third  stages  also  Indicate  a  difficult  design 
because  of  tho  large  radial  variation  lu  tangen¬ 
tial  blade  speed. 

Because  the  three  stages  of  this  turbine  are 
highly  loaded,  there  Is  little  margin  for  redesign 
to  extract  more  work,  without  an  additional  tur¬ 
bine  stage,  should  a  problem  during  engine 
development  establish  the  need  for  more  work 
extraction. 

The  values  of  overall  efficiency  quoted  by  P&WA 
for  the  high  pressure  and  low  pressure  stages 
are  compared  to  otho-  turbines  on  Fig.  A-22  as 
a  function  of  whcvi  speed  loading  parameter, 
which  Is  a  form  of  Parson’s  number.  Tho  base 
values  of  efficiency  given  by  P&WA  are  seen  to 
bo  in  line  with  values  for  other  turbine  designs. 

Also  shown  o'i  Fig.  A-22  are  tho  adjustments 
which  Pf-’VA  used  to  get  from  tho  base  values  to 
the  design  values.  The  adjustment  of  +2.0  per¬ 


cent  for  the  controlled  vertex  design  as  opposed 
to  a  free  vortex  design  seems  high  in  light  of  the 
highly  loaded  aerodynamic  design  of  this  turbine. 

It  is  felt  that  the  +  2.0  percent  gain  would  have 
been  appropriate  if  lower  base  efficiency  values 
had  been  chosen  (lying  closer  to  the  dotted  lower 
limit  line  for  low  hub/tlp  ratio  designs}. 

A  second  -2.C  percent  efficiency  adjustment  was 
taken  by  P&WA  for  reduced  tip  clearance  and 
hence  ia  justifiable  on  an  aerodynamic  baale. 
However,  tip  clearances  of  0.02  tc  0. 035  la. 
could  impose  mechanical  design  problems.  As 
seen  on  the  bottom  line  of  Table  A-F,  these 
clearances  correspond  to  less  than  one-half  of 
one  percent  of  the  rotor  tip  diameter.  Develop¬ 
ment  problems  may  be  anticipated  In  achieving 
and  maintaining  these  values  in  operational  en¬ 
gines  in  an  SST  environment. 

A3. 3. 2  Turbine  Life 

The  JTF17  turbine  employs  coated  P&WA  658 
blades  with  an  ultimate  life  with  repair  of  10, 000 
hours.  The  di6cs  are  burst  limited  and  therefore 
have  a  long,  low-cycle  fatigue  life.  The  blades 
are  creep  limited. 

Care  must  be  taken  in  the  fabrication  of  forged 
Astroloy  discs  to  avoid  low  transverse  ductility. 
P&WA  has  conducted  a  large  development  pro¬ 
gram  with  disc  suppliers  during  the  past  several 
years  and  has  been  able  to  achieve  excellent 
transverse  ductility.  P&WA  is  not  expected  to 
have  any  problems  In  this  ares. 

The  P&WA  658  turbine  blades  require  a  coating  for 
oxidation  and  sulphidation  resistance.  P&WA  has 
devoted  much  research  and  development  effort 
toward  effective  coatings,  it  Is  therefore  antici¬ 
pated  that  they  will  be  able  to  develop  an  edequate 
coating  for  the  blades. 

Boeing  has  not  atien.ptcd  to  Judge  the  low  cycle 
fatigue  (LCF)  characteristics  of  the  JTF17  tur¬ 
bine  because  of  a  lack  of  sufficient  Information 
at  Uils  time.  No  problems  arc  anticipated  from 
internal  clogging  of  the  cooling  holes,  and  no 
additional  susceptibility  to  foreign  object  damage 
is  expected  because  of  the  oladc  cooling  design. 

A  simplified  creep  life  calculation  was  made  for 
the  JTF17  turbine  to  estimate  the  risk  In  the 
P&WA-qu<>tcd  turbine  blade  creep  life.  The  mid- 
span  section  of  the  first  rotor  was  chosen  as  ■ 
point  Indicative  of  minimum  creep  life.  Values 


V2-P2707-14 

CONFIDENT!  Al  103 


CC?wH3Sf371AL 


104 


Table  A-F.  Summary  of  Turbine  Aerodynamic  TV  sign 


JTF17A 

(Controlled  Vortex) 

Design  Quantity 

Mild 

Design 

Severe 

Design 

First  Stage 

Second  Stage 

Third  Stage 

1  At  Mean  Radius 

Stator  exit  angle  0  2 

Stator  exit  raach  (c/a*)} 

Rob. .  inlet  relative  raach  <W/a*)3 
Rotor  exit  relative  raach  (W/a*)g 
Rotor  exit  axial  raach 

Stator  aspect  ratio 

Rotor  aspect  ratio 

Stator  solidity  (width/pitch) 

Rotor  solidity 

Rotor  exit  DHUB/DTIP 

30* 

0.8 

0.4 

0.8 

0.4 

0.8 

20* 

1.15 

0.7 

1.15 

0.7 

0.5 

21.87 

0.57 

0.92 

0.43 

1.91 

3.33 

1.15 

1.33 

0.74 

34.03 

0.79 

0.48 

0.8 

0.445 

3.1 

5.0 

1.45 

1,25  „  _ 

36. 18 

0.76 

0.47 

0.77 

0.49 

5.65 

1.40 

S.  24 

0.68 

0.4S  ’ 

1  At  Blade  Root 

Stator  *  xit  rnglefl  2 

Stator  ixit  ranch  (c/a*)} 

Rotor  inlet  relative  mach  (W/a*)3 
Rotor  exit  relative  mach  (W/a*)6 
Roto  -  turning  angle 

Degvee  of  reaction  (W6AV3-1) 

30* 

0.8 

0.4 

0.8 

80* 

0.35 

20* 

1.15 

0.7 

1.15 

120* 

0 

26.2 

1  .o'? 

35.55 

0.90 

39.75 

0.  95 

0.72 

— rrci 

0.77 

0.05 

o.oa 

0.93 

107.5 

0.31 

0.28 

84.7 

0.  ? 

1  Other  Design  Variables 

HP 

LP-Stgs.  2 

ft  3 

r- - 

|  Uaga  work,  A  h 

8tage  efficiency 

Mean  blade  epced,  Urn 

Loading  parameters,  U2/2gJAh 
Tip  Clearance 

Tip  clearance,  %  blade  height 

Tip  clearance,  %  tip  diameter 

112.38 

86.9 

1144. 

0.232 

113.72 

88.0 

782. 

_ CL2J5 _ 

j  0.020"  1  0.0:10” 

0. 035" 

j  0.3-iS  I  0.3 ‘.-3 

0.810 

|  0.055' 

|  0.0075 

0.008 

1  Blocked  variables  a  approach  severe  dealp 


of  temperatures  and  pressures 
from  the  JTF17  proposal. 

were  obtained 

0 

Average  metal  temperature  * 

1,640°F 

0 

aoling  effectiveness  • 

0.421 

Several  values  used  in  the  calculations  are  cum- 

PfcWA  658 

marized  below: 

0 

Material  * 

0  Calculated  tensile  stress 

-  19,200  pel  . 

0 

Larson-MUler  factor 

w 

(for  PfcWA  058  to 

0  Design  factor 

-  1.0 

1.9  percent  creep)  - 

47,800 

0  Design  stress 

-  19,200  pel 

0 

Estimated  cre^p  life  - 

3,160  hours 

0  Average  rotor  gas 
temperature 

The  calculated  life  Is  about  one-third  of  the  Ufe 

-  2,010°F 

quoted  by  P.jWA,but  this  Is  not  too  unreasonable 
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considering  that  a  small  change  In  the  Larson  - 
Miller  factor  nr  the  blade  temperature  will 
cause  a  large  change  In  the  calculated  life. 

The  estimated  creep  life  la  baaed  on  a  P4WA  de¬ 
sign  criterion  of  1  percent  creep.  This  criterion 
would  make  little  difference  in  the  life  calculation 
for  very  high  stress  values  (greater  than  50, 000 
pal):  however,  it  has  a  large  effect  on  the  cal¬ 
culated  life  for  stresses  in  the  20,000-pai  range. 

In  summary,  the  JTFI7  turbine  la  a  highly  loaded 
aerodynamic  design  with  high  cascade  Mach  num¬ 
bers  and  low  exit  hub/tlp  ratios.  It  apocars  that 
the  goal  efficiency  will  be  difficult  to  achieve. 

The  rotor  tip  clearances  of  0.02  to  0. 035  in.  are 
required  (o  achieve  the  stated  efficiencies. 

These  clearances  will  be  difficult  to  maintain  in 
operational  engines.  An  increase  to  a  more  con¬ 
ventional  0. 03-in.  clearance  will  cost  2  percent 
In  turbine  efficiency.  The  JTF17  turbine  aero¬ 
dynamic  performance  is  classified  os  a  Category 
2  risk  item. 

Typically  a  fan  engine  turbine  blade  has  rather 
high  stresses  at  mid-s]>an.  In  this  engine,  the 
average  metal  temperature  of  1,640°F,  together 
with  the  material  selected  tor  the  turbine  blades 
(PLWA  G5S)  and  the  high  stresses  Involved,  vill 
mnko  It  difficult  to  achieve  the  creep  life  of 
10,000  hours.  The  JTF17  turbine  life  Is  cl:  st- 
fled  as  s  Category  1  risk  Item. 

A3. 4  AUGMENTOR 

Tho  thrust  augmentor  for  the  Pratt  nnd  Whitney 
engine  Is  a  duct  heater,  tho  first  to  be  proposed 
for  flight  application.  Tho  heat  release  rate  is 
substantial  as  can  bo  seen  In  Fig.  A-2.  Because 
of  tho  similarity  of  design,  the  demonstrated 
heat  release  late  of  tho  primary  burner  tends  to 
substantiate  the  duct  burner  design  g  '. 

The  goal  thrust-averaged  combustion  efficiency 
Is  07  percent  over  tho  augmentation  range  from 
minimum  duct  heat  to  2, 500°F  gas  temperature, 
with  a  decrease  in  efficiency  to  00  percent  st 
3,G0o°F  gas  temperature.  According  to  PfcWA, 
this  Implies  a  chemical  combustion  efficiency  of 
nearly  100  percent  over  a  broad  range  of  augmenta¬ 
tion  temperature.  Teat  refills  shown  In  Fig. 

A-23  do  not  verify  these  goals,  especially  in  the 
cruise  range  of  fucl-alr  ratios.  In  this  region 
(fucl-nlr  ratio  «-  0.014  to  C  022),  only  one 
cruise-demonstrated  efficiency  test  point  Is 


shewn,  at  around  M  percent.  Other  points  near 
this  fuel -sir  spectrum  are  below  the  foal  effi¬ 
ciency  and  show  a  wide  range  of  scatter. 

Figure  A-3  may  be  used  as  an  Indicator  of  ex¬ 
pected  efficiency.  The  relatively  low  duel  heater 
entry  temperature  la  offset  by  low  reference 
velocity.  Therefore,  based  on  this  trend  curve, 
high  values  of  efficiency  should  be  expected  for 
the  duct  heater. 

Aerodynamlcslly,  tho  duct  burner  must  be  do- 
signed  to  accommodate  tho  flew  exiting  from  the 
fan.  The  specified  goal  cold  flow  and  hot  flow 
tosses  have  been  demonstrated  with  rig  teats. 
Considerations  should  be  given  to  pressure 
losses  in  the  presence  of  fan  distortion  into  the 
diffuser  and  burner  as  they  will  occur  in  actual 
practice.  P&WA  har  stated  that  rig  test  work 
has  been  completed  with  simulated  steady-state 
distortion,  and  that  the  diffuser  nnd  burner 
handled  It  well.  No  data  from  these  tests  have 
been  made  available  at  this  time.  In  addition, 
unsteady  distortion,  (turbulence)  testing  has  not 
been  reported  for  this  burner. 

Burner  liner  temperatures  during  cruise  are 
estimated  to  average  between  1,200  and  I,400°F. 
Maximum  temperatures  are  reported  to  be 
1,  r-30  and  1,440°F  for  the  outer  and  Inner  liners 
respectively,  nnd  with  proper  design  control, 
long  life  should  be  attained  at  these  temperatures. 
Thus,  liner  life  Is  not  considered  In  s  major  risk 
category. 

In  summnry,  the  burner  design  concept  It  new, 
and  is  without  previous  supersonic  flight  experi¬ 
ence  us  a  technology  base.  The  augmentor  mutt 
perform  under  a  wide  range  of  flow  condition* 
from  tho  frn  and  nt  high  combustion  efficiency 
•  ;vcls.  Because  of  the  effect  of  duct  burner 
efficiency  on  cruise  SFC,  the  duct  burner  le 
classified  as  a  Category  2  development  risk  Item. 
Thc.»o  comments  arc  based  on  sleady  flow  opera¬ 
tion.  The  augmentor  dynamics  arc  covered  in 
Section  A3. 7. 

A3. 5  EXHAUST  NOZZLE/HEVERSER 
A3. 5.1  Exhaust  Nozzle 

In  its  August  report  to  Boeing  (PfcWA  FR-06-100),  • 
P&WA  supplied  data  points  from  tests  of  the  650 
Ib/sec  JTF17A-20B  nozzle.  Test  data  for  takeoff, 
subsonic  cruise,  Mach  1.  i  climb,  and  supersonle 
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Figure  A-2J.  Duct  Heater  Ccxbvttlon  Efficiency 


cruise  are  shown  In  Fig.  A-24  through  A-27.  On 
each  figure,  thrust  coefficient  goals  are  shown  at 
♦he  operating  preenure  ratios  for  both  tho  -20  and 
-21B  engines.  These  goals  are  derived  from  the 
PtiWA  performance  docks.  At  tho  subsonic  and 
transonic  conditions,  the  PiiWA  model  perform¬ 
ance  does  not  meet  tha  -20B  goals.  In  addition, 
tho  -21B  goal  Is  higher  thou  tbo  -20B  goal  at 
Mach  1. 2  which  makca  U.o  performance  decre¬ 
ment  even  greater  at  that  condition.  Tho  speci¬ 
fied  performnneo  is  met  at  supersonic  cruise, 
the  moot  Important  condition,  but  further  norrle 
development  will  bo  required  to  Improve  the  off- 
deslgn  thrust  coefficients. 

A3. 6. 2  Reveraer 

With  roversor  clamshells  In  the  rsverso  position, 
a  considerable  gap  exists  betweon  tho  clamshells 
and  tho  shroud.  Tho  exhaust  gas  escaping  rear¬ 
ward  causes  a  double  penalty  to  potential  reverse 
thrust.  Ia  order  to  achieve  the  roverso  thrust 
goal,  the  exhaust  gas  must  bo  dlroctcd  forward 


within  10  to  30  degrees  of  the  engine  centerline 
through  tho  blow -In  door  opening.  Depending 
upon  the  design  blow-in  door  angle,  nacelle  flow 
attachment,  with  attendant  relngestlon  problems. 
Is  possible.  P&WA  model  test  performance 
demonstrates  that  the  reverse  thrust  goal  of  40 
percent  can  be  achieved. 

In  summnry,  nlthoutfi  PfcWA  testa  tend  to  aub- 
Ftantlato  tho  nozzle  performance  level  at  super¬ 
sonic  cruise,  further  development  Is  required  to 
achieve  tho  nozzle  performance  goals  at  other 
flight  conditions.  In  view  of  the  strong  effects 
of  nozzle  performance  on  airplane  performance, 
tho  nozzle  Ss  considered  a  Category  2  develop¬ 
ment  risk  item  until  specific  testa  prove  that 
the  periormance  levels  can  be  attained. 

Pratt  and  Whitney  Aircraft  reverser  model  tests 
indicate  that  the  reverse  thrust  design  goals  will 
be  met.  However,  control  of  reverse  gas  finw 
direction  and  distribution  Is  expected  to  present 
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problems  with  the  present  design.  In  which  the 
fl«>w  must  exit  through  tho  blow-in  doors.  The 
flaw  angle  is  such  that  the  flow  could  cling  to 
the  engine  nacelle  and  enter  the  engine  Inlet. 

For  this  reason,  the  reverser  concept  Is  consid¬ 
ered  to  be  a  Category  2  risk  item. 

A3. 6  ENGINE  WEIGHT 

Boeing  docs  not  feel  qualified  to  make  a  detailed 
weight  analysis  of  the  JTF-17  engine.  Neverthe¬ 
less,  two  comments  are  in  older. 

There  exists  no  precedent  for  the  offered  nozzle- 
thrust  reverser  f.ystem,  and  gas  flow  require¬ 
ments  to  avoid  engine  Ingestion  and  impingement 
on  airplane  surfaces  could  very  well  lead  to  s 
weight  Increase. 

There  is  reason  to  expect  a  weight  increase  la 
the  engine  fan/compressor  as  a  part  of  the  effort 
to  achieve  the  inquired  steady-state  distortion 
and  dynamic  distortion  tolerance.  These  factors 
classify  the  weight  of  the  JTF17  as  a  Category  2 
development  risk  Item. 

A3. 7  CONTROLS  AND  ENGINE  DYNAMIC8 

A3. 7.1  Control  System 
A  functional  description  of  the  control  system 
is  presented  in  the  following  paragraphs. 

A3. 7. 1.1  Main  Fuel  Control  (See  Fig.  A-28) 

a.  Primary  functions 

Control  engine  speed  during  steady- 
state  and  transient  operation  of  the 
engine. 

Control  fuel  Input  during  transient  opera¬ 
tion  to  prevent  compressor  stall,  engine 
flame-out,  or  turbine  overtemperature. 

Position  tho  variable  IGV  of  the  HP 
compressor. 

b.  System  operation 
Steady-state 

Fuel  flow  is  varied  to  maintain  gae 
generator  rpm  (N2)  as  scheduled  by 
thrust  lever  angle  (TLA)  and  compres¬ 
sor  Inlet  total  temperature  (Tt2)« 

An  approximate  value  of  engine  fuel 


flow/burner  pressure  railo(Wp  i* 

scheduled  as  a  function  of  TLA  and  TT#. 
Scheduled  rpm  Is  then  maintained  by 
biaa.ng  the  above  value  of  W-/P  with  s 
Wj/PB  proportional  to  tbe.dufei$ae» 
between  scheduled  and  actual  rpm. 
Actual  fuel  flow  to  the  engine  Is  deter¬ 
mined  by  the  product  of  required  W_/ 
Pq  and  sensed  burner  pressure  (Pg). 

At  low  corrected  speed,  a  steep  droop 
alopo  la  used;  at  high  corrected  rpm, 
much  more  droop  is  allowed. 

The  HP  compressor  IGV  Is  positioned 
as  a  function  of  N„  and  Tt,  (only  2 
positions). 

Transients 

Fuel  flow  is  limited  by  acceleration 
and  decoloration  schedules  to  provide 
rapid  rpm  change  without  encountering 
compressor  stall,  engine  flame-out,  or 
exceeding  engine  temperature  limits. 
These  schedules  are  a  function  of  Pm 
TT2  and  N2.  “ 


c.  Sensed  quantities 
TLA 


d.  Controlled  outputs 

Gas  generator  fuel  flow  (Wp) 

HP  rotor  IGV  angle 

A3. 7. 1.2  Duct  Hooter  Fuel  Control  pee  Fig. 
A-28) 

a.  Primary  fcnetion 

Schedule  fuol  to  the  augmentor  during 
steady-state  and  transient  operation  of 
the  engine  In  tho  augmented  range. 
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h.  System  ops  ratio* 

Steady-state 

Duct  heater  fuel  flow-burner  pressure 
ratio  <WFK/Pn)  is  scheduled  as  s  function 
of  thrust  lever  angle  (TLA)  and  com¬ 
pressor  Inlet  total  temperature  (Tt2) 
to  provide  the  desired  temperature  rise 
and  thrust  augmentation  in  the  duct 
heater:  Actual  fuel  flow  to  the  duct 
heater  is  determined  by  the  product  of 
\VFR/PB  and  sensed  burner  pressure  (Pg). 

Transient  operation 

Two  conditions  must  be  met  before  aug¬ 
mentation  will  be  initiated: 

Th«.  power  lever  must  be  In  augmentation 
range  and  engine  rpm  must  exceed  80 
percent. 

If  augmentation  l'dtlatton  does  not  pro¬ 
duce  an  Agp  change  within  one  second, 
then  augmentation  initiation  is  terminated 
automatical':  he  power  lever  must  be 

recycled  to  Maximum  Dry  before  a  new 
attempt  can  be  made  to  light. 

Augmentation  Initiation  Includes  an 
automatic  preopcnlng  of  Asp.  This  la 
removed  after  the  light-off  is  completed. 

Following  light-off,  augmentor  fuel 
flow  la  Increased  until  the  desired  level 
Is  reached. 

c.  Sensed  quantities 
TLA 

Compressor  discharge  pressure  (P^) 


d.  Controlled  output* 
Augmentor  fuel  flow 


AS. 7. 1.3  Duct  Nozzle  Area  Control  (See  Fig. 

A -30) 

a.  Primary  function 

Control  duct  nozzle  exhaust  area  during 
steady  state  and  transient  operation 
of  the  engine. 

b.  System  operation 
Steady  state 

During  dry  operation,  duct  nozzle  area 
(Abf)  is  scheduled  by  thrust  lever  angle 

(TLA)  and  compressor  Inlet  total 
temperature  (T-j^)  from  full  open  at 
Idle  power  to  nearly  full  closed  at  Maxi¬ 
mum  Dry  power. 

During  augmented  operation,  the  nozzle 
is  controlled  to  maintain  corrected  en¬ 
gine  airflow  as  a  function  of  compressor 
inlet  total  temperature.  An  approximate 
value  of  nozzle  area  is  scheduled  as  a 
function  of  TLA  and  T-™*  Luct  Mach 
number  Jurt  alt  ol  the  lan  la  determined 
by  sensing  total  and  static  pressures 
(PT3  and  Pja)  and  combining  these 
pressures  in  tne  ratio 

?T3  "  PS3  A  P 


The  A  P/P  required  to  maintain  constant 
corrected  airflow  is  scheduled  as  a 
function  of  gas  generator  rpm  (Ng)  and 
compressor  face  total  temperature  (Tj*y' 
Th's  value  of  A  T/P  Is  maintained  by 
biasing  the  diet  nozzle  area  through  a 
closed-loop  control. 


Transient 

Several  features  are  Included  in  the  duct 
nozzle  control  to  improve  engine 
transient  response  and  augmentor  llghi- 
off.  These  include: 
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Pig ur*  A -30.  Schematic  of  Duct  Koith  Arc*  Control  Syttom 

Aef  =  rT  TLA.  SxL?-*L 

FTi 


(1)  An  increaae  of  the  nozzle  area  one  aeo 
before  nugmentor  Ignition  to  Increaae 
inlet  etablltty  margin. 

(2)  A  signal  to  the  duct  heater  fuel  control 
to  cut  off  augmentor  fuel  flow  when  the 
measured  A  P/P  corresponds  to  a  cor¬ 
rected  airflow  more  than  4  percent 
above  the  scheduled  value. 

(3)  A  signal  to  the  main  fuel  control  to  de¬ 
crease  gas  generator  itoel  flow  (Wj.) 
when  the  measured  A  P/P  corresponds 
to  a  corrected  airflow  more  than  4 
percent  above  the  scheduled  value.  This 
will  prevent  excessive  rotor  ovorapeed 
following  duct  hep  ter  flame-out. 


c.  Sensed  quantities 
Thrust  lover  angle  (TLA) 

Fan  discharge  total  pressure  (Pjj) 
ran  discharge  static  pressure  (Pgj) 
Gas  generator  rpm  (N^) 

Compressor  Inlet  total  temperature 

(TT2> 

Nozzle  area  (position  feedback) 

d.  Controlled  output 
Duct  nozzle  area  (Agp) 
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(1)  An  Increase  of  the  nozzle  area  one  aao 
before  augmentor  Ignition  to  lncreaae 
Inlet  stability  margin. 

(2)  A  signal  to  the  duct  beater  fuel  control 
to  cut  off  augmentor  fuel  flow  when  the 
measured  A  P/P  corresponds  to  a  cor¬ 
rected  airflow  more  than  4  percent 
above  the  echeduled  value. 

(3)  A  signal  to  the  main  hiel  control  to  de¬ 
crease  gas  generator  fuel  flow  (Wj.) 
when  the  measured  A  P/P  correspond* 
to  a  corrected  airflow  more  than  4 
percent  abo*  e  the  echeduled  value.  This 
will  prevent  excessive  rotor  overspend 
following  duct  heater  flame-out. 


c.  Sensed  quantities 
Thrust  Itfver  angle  (TLA) 

Fan  discharge  total  pressure  (Pjg) 

Fan  discharge  static  pressure  (Pgj) 

G**  generator  rpm  (Nj) 

Compressor  Inlet  total  temperature 
(Ttj> 

Mottle  tret  (position  feedback 

d.  Controlled  output 
Duct  nottla  area  (A^) 
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AS. 7. 1-4  Background 

Experience  gained  with  previous  PtWA  engine 
designs  is  directly  applicable  to  (he  main  fuel 
control  and  the  duct  heater  fuel  control  of  the 
JTF17. 


AS.  7.1. 5  Special  Features 
A  fundamental  aspect  of  the  JTF17  engine  is  the 
fact  that  the  primary  nozzle  is  fixed  and  the  sec¬ 
ondary  nozzle  variable.  Changes  In  the  variable 
nozzle  area  directly  affect  fan  duct  airflow,  and 
hence,  total  engine  airflow,  which  Is  an  advantage 
ol'  the  Can  cycle.  However,  such  nozzle  area 
changes  have  little  effect  on  gns  generator  control 
parameters  Bitch  as  HP  spool  rpm  (Nj>)  and  T^4 
(turbine  inlet  temperatur Turbine  inlet  temp¬ 
erature  control  through  the  main  fuel  control  Is 
apparently  not  suffi  :lently  accurate.  P&WA  had 
added  an  c.tra  'rim  to  maintain  Tt4  within 
desired  limits. 

The  variable  fan  duct  nozzle  Is  used  te  control 
fan  duct  flow  during  augmented  operation.  This 
particular  system  Incorporates  two  subsystems, 
each  of  which  has  a  high  response:  tho  hydraulic 
nozzle  positioning  system  and  the  fan  duct  Mach 
number  sensor  and  computer. 


The  former  needs  to  have  rapid  response,  while 
the  latter  Is  a  link  In  compensating  for  duct  flow 
transients.  This  situation  could  lead  to  instability 
<?;'  the  overall  nozzle  control  system.  P&WA  ac¬ 
knowledges  thla  under  "anticipated  problem  areas,” 
and  states  that  extensive  dynamic  bench  and  en¬ 
gine  fcstlng  will  be  conducted  to  obtain  satis¬ 
factory  system  performance. 


In  case  of  control  problems,  th„  P&WA  design 
offers  the  opportunity  to  lncludo  the  variable  IGV 
of  the  HP  rotor  In  the  control  system.  Because 
this  Is  essentially  a  ono-stago  variable  stator, 
the  effect  of  the  chango  will  bo  small.  In  tho 
following  discussions  it  should  l>c  !x>rno  In  mind 
that  It  would  only  affect  tho  IIP  rotor  and  gas  gen¬ 
erator  airflow,  not  the  duct  airflow. 


A3. 7. 1.8  Summary 

PtWA  la  offering  a  control  system  which  In  one 
Important  aspect  has  no  direct  precedent,  namely 
the  control  of  fan  duct  airflow  by  means  of  variable 


nozzle  area  using  a  pitot  static  tube  as  a  measure 
of  airflow.  The  PtWA  control  system  offers  only 
the  variable  IGV  of  the  HP  rotor  to  smooth  out 
high-frequency  control  problems.  This  IGV,  how¬ 
ever,  will  have  very  limited  influence  on  the  HP 
compressor. 

AS.  7. 2  Dynamics 

A3. 7. 2.1  Background 

PtWA  has  in  the  last  year  or  two  started  to  use 
more  sophisticated  digital  simulation  techniques. 
Recently  Boeing  was  given  a  very  simple  digital 
mathematic  model  of  the  engine  and  two  months 
ago,  a  more  sophisticated  model.  This  model  fa 
still  not  as  well  developed  as  is  required  for  good 
control  system  studies.  An  example  Is  main 
burner  and  DII  flame-out.  The  user  of  the  P&WA 
program  must  as  an  input,  select  whether  these 
burners  will  or  will  not  flame  out  during  a  tran¬ 
sient.  Another  matter  which  the  PtWA  program 
does  not  take  into  account  Is  the  changing  inlet 
distortion  during  transients  and  its  effect  on  fan 
and  compressor  maps. 

Comparisons  between  J5S  digital  analog  runs  and 
experimental  data  were  made  available  and  good 
correlation  was  obtained.  However,  no  turbofan 
correlations  are  available. 

Boeing  has  not  been  provided  complete  Inform¬ 
ation  about  the  details  of  the  new  P&WA  digital 
simulation  of  the  JTF17  control  system. 

In  summary,  P&WA  has  only  recently  provided 
Boeing  with  a  fairly  sophisticated  digital  simu¬ 
lation  program.  However,  this  program  does 
lack  Borne  Important  capabilities.  The  details 
of  the  control  system  simulation  are  not 
revealed  by  P&WA. 


A3. 7. 2. 2  Nozzle  Area  Control 
During  unaugmented  operation,  the  nozzle  area 
control  schedule  is  only  a  function  of  HP  spool 
rpm  and  T--.  During  augmented  flow,  the  duct 
nozzle  area  Is  controlled  to  keep  fan  duct  Mach 
number  constant  for  the  purpose  of  keeping 
engino  airflow  constant.  Fan  duct  Mach  number 
la  measured  by  a  pitot  tube.  This  is  a  difficult 
instrumentation  problem  considering  that  the 
Mach  number  is  about  0.5,  that  the  sensor  must 
be  capable  of  responding  rapidly,  and  coneldcr- 
ing  tho  effect  of  steady- state  and  dynamic  changes 
In  pressure  profiles  at  the  pitot  tube  (in  contrast 
to  pressure  changes  without  profile  shifts). 
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&tch  change*  could  originate  within  the  fan  It* elf 
becaue*  of  change*  In  operating  condition*,  or 
from  Internal  duct  preasur*  disturbance*. 

AS. 7.2.9  Duct  Heater  Light -Off 
Transient*  during  a  duct  heater  light- off  at  Mach 
2. 7  cruise  are  shown  in  Fig.  A-31.  The  tran¬ 
sient*  clearly  show  the  effect  of  opening  Agp 
prior  to  light-off:  the  engine  airflow  increase* 
and  the  normal  shock  move*  away  from  the 
throat.  Llgld-off  therefore  will  not  cause  un¬ 
start,  though  the  transients  are  significant  la 
their  rates  and  absolute  value*. 

Duct  heater  light -off  at  speeds  below  Mach  2. 7 
(when  the  bypass  doors  are  partially  open)  I*  n 
different  matter.  After  opening  of  Agp,  the  by¬ 
pass  doors  close  to  bring  the  shock  back  to  It* 
normal  position.  This  takes  place  just  before 
llght-off.  The  remit  is  that  light -off  causes  the 
shock  to  move  forward  from  Its  normal  position, 
coming  much  closer  to  the  throat  than  In  Fig. 
A-31.  Hard  llght-ofla  are  prevented  by  the  llght- 
off  interlock  between  DH  fuel  control  and  Agp. 

A3. 7. 2.4  Duct  Heater  Blow-Out 
Duct  heater  blow-out  transients  (Mach  2.7)  are 
shown  In  Fig.  A-32.  Blow-out  causes  a  sudden 
increase  In  fan  airflow,  which  shuts  down  the 
duct  heater  fad  flow  and  nozzlo  Asp  as  rapidly 
as  possible.  The  rapid  increase  In  airflow  will 
cause  super  critical  operation  of  the  inlet  normal 
shock,  which  could  caueo  online  stall.  The  sys¬ 
tem  Is  designed  oo  that  an  airflow  transient 
greater  than  4  percent  will  result  in  shutdown  of 
duct  heater  fuel  flow.  This  fuel  flow  shutdown 
Is  essential  because  an  uncontrolled  heater 
relight  Is  unacceptable.  Only  a  controlled  re¬ 
light  at  minimum  fucl/air  ratio  produces  suffi¬ 
ciently  small  airflow  transients,  delight  at 
high  fuoi/air  ratios  would  produce  high  airflow 
changes.  Duct  healer  relight  must  bo  initiated 
by  recycling  the  thrust  lever  through  the  Max- 
mum  Dry  position.  Tho  P&WA  augmentor  operat¬ 
ing  li  nits  are  shown  in  Fig.  A-33. 

A3. 7. 2. 5  Inlet  Unstart 

An  inlet  unstnrt  simulation  {Fig.  A-34)  shows  that 
tho  fui  surges  and  tho  airflow  increases  above  the 
nominal  value.  At  4  porccnt  above  nominal  flow, 
the  DH  Mach  number  computer  shuts  down  the 
duct  heater  fuel  flow  and  cloaca  down  tho  Agp 
as  described  above.  Tho  duct  heater  relight 
sequence  is  dcecrlbcd  in  the  preceding  paragraph. 


A3. 7. 2. 6  Fan  and  Compressor  Surge 
PtiWA  program  planning  Indicate*  that  fan  dis¬ 
tortion  testing  will  not  start  until  after  th*  88T 
airframe  contractor  has  been  selected.  P&WA 
has  not  presented  a  plan  for  testing  with  stead- 
state  distortion  and  turbulence. 

The  aspect  ratios  of  the  HP  compressor  blade* 
are  high.  In  fact,  they  are  close  to  those  of  th* 
C-5A  demonstrator  HP  spool  and  higher  then 
those  of  the  JT8D  and  4T9D  spools.  Ho  test  data 
have  been  presented. 

With  respect  to  the  fan,  distortion  attenuation  la 
the  tip  region  Is  an  unknown.  Tho  P&WA  pro¬ 
posal  points  at  the  well-known  flow-work  rela¬ 
tionship  of  a  rotor  to  explain  that  the  tip  of  a 
rotor  blade  will  attenuate  distortion  much  more 
than  the  root.  This  is  baaed  on  subsonic  flow 
theory  and  Is  probably  oven  true  around  Mach  1 
(which  Is  whore  the  fan  tip  operates  in  cruise). 
However,  for  eubsonlc  flight  end  transonic  accel¬ 
eration  the  fan  tip  relative  Mach  number  Is  ap¬ 
proximately  1.G7  and  subsonic  theory  does  not 
apply.  Under  theso  conditions  shock  and  separa¬ 
tion  phenomena  (ns  Indicated  by  the  low  efficiency) 
can  create  and  expose  the  duct  burner  rnd  duct 
flow  control  sensors  to  a  non  steady  flow.  Pratt 
and  Whitney  Aircraft  has  not  revealed  a  clear  cut 
approach  to  this  problem. 

The  use  of  the  variable  IGV  for  control  purpose* 
is  of  limited  value  bocause  only  one  row  of  vane* 

Is  used.  Redesign  of  fan  or  compressor  to  pro¬ 
vide  more  chord  (lower  aspect  ratio),  an  extra 
stage,  or  n  fan  IGV  are  possiblo  problem  solu¬ 
tions.  However,  these  approaches  are  particularly 
unfavorable  to  a  four-bearing  engine  layout  and  add 
both  weight  and  complexity,. 

In  summary,  because  transients  In  fan  Inlet  flow 
will  occur  ns  the  direct  result  of  tho  nozzle  con¬ 
trol  oscillations,  the  IIP  compressor  stall  margin 
for  both  distorted  and  fluctuating  flow  must  ac¬ 
cept  tho  transients.  There  arc  no  data  available 
for  eithor  the  fan  or  compressor  which  show  that 
this  compressor  or  fan  design  tolerate  thee* 
transient  disturbances  or  distortion.  P&WA 
data  show  that  a  duct  burner  blowout  will  cause 
fan  stall,  mainly  becauso  tho  duct  pitot  tube  and 
nozzle  area  control  ennnot  respond  fast  enough. 

A3. 7.3  Controls  and  Dynamics  Summary 
Because  of  tho  unknowns  regardim  'he  control 
system  concept,  nnd  because  the  i  ^onsc  of  th* 
engine  system  to  transient  disturbances 
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m*jr,  to  a  certain  degree,  bo  fundamental  to  the 
turbo  fan  cycle,  Boeing  believe*  the  control  and 
engine  dynamic*  represent  *  Category  3  develop¬ 
ment  risk.  This  1*  believed  to  be  true 


sufficient  component  and  engine  testily 
with  detailed  mathematic  model  studiea,  have 
shown  that  no  fundamental  problems  exist. 
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